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5Re´sume´
Etude par mode´lisation et assimilation de donne´es d’un capteur infra-
rouge ge´ostationnaire pour la qualite´ de l’air
L’objectif de cette the`se porte sur la de´finition d’un capteur ge´ostationnaire infrarouge
pour l’observation de la composition chimique de la basse troposphe`re et l’e´valuation de
la valeur ajoute´e de cet instrument afin de caracte´riser la variabilite´ de la moyenne et
basse troposphe`re des principaux polluants et d’ame´liorer l’observation et les pre´visions
de la qualite´ de l’air. Nous nous sommes inte´resse´s a` deux polluants importants : l’ozone
troposphe´rique en raison de son impact sur la sante´ humaine, les e´cosyste`mes et le climat,
et le monoxyde de carbone (CO) qui est un traceur de pollution nous renseignant sur les
sources d’e´missions et les processus de transport.
Dans un premier temps, une e´valuation d’un sche´ma line´aire pour la chimie du CO a e´te´
effectue´e sur une pe´riode d’un an et demi en comparaison avec un sche´ma chimique de´taille´
(RACMOBUS) et diffe´rents types d’observations troposphe´riques et stratosphe´riques (sa-
tellitaires, ae´roporte´es). L’inte´reˆt principal de ce sche´ma est son faible couˆt en temps de
calcul qui permet une assimilation sur de longues pe´riodes de jeux de donne´es de CO.
L’assimilation de donne´es MOPITT (Measurements Of Pollution In The Troposphere)
dans ce sche´ma a d’ailleurs permis d’e´valuer la valeur ajoute´e de donne´es d’observations
infrarouges a` l’e´chelle globale.
Ensuite, les caracte´ristiques optimales du capteur ge´ostationnaire infrarouge ont e´te´
de´finies en re´alisant des e´tudes d’inversion de spectres atmosphe´riques pour sonder l’ozone
et le CO pour la qualite´ de l’air, le but e´tant d’avoir un capteur techniquement et
e´conomiquement faisable, capable de sonder la basse troposphe`re. Le contenu en informa-
tion de cet instrument a e´te´ compare´, en pe´riode estivale, a` l’information apporte´e par un
autre instrument infrarouge ge´ostationnaire similaire a` MTG-IRS (Meteosat Third Gene-
ration - Infrared Sounder), optimise´ pour la mesure de la vapeur d’eau et de la tempe´rature
mais capable d’avoir une information sur la composition chimique de l’atmosphe`re.
Enfin dans une dernie`re partie, la valeur ajoute´e de ces deux instruments dans le
mode`le de qualite´ de l’air MOCAGE, a e´te´ quantifie´e en utilisant des expe´riences de si-
mulation de syste`me d’observations sur une pe´riode de deux mois d’e´te´ (juillet - aouˆt
2009). La capacite´ de ces deux instruments a` corriger diffe´rentes sources d’erreurs (les
forc¸ages atmosphe´riques, les e´missions, l’e´tat initial et les trois parame`tres re´unis) qui
affectent les pre´visions et simulations de qualite´ de l’air, a e´te´ quantifie´es.
Au final, l’instrument que nous avons de´fini s’ave`re effectivement capable d’appor-
ter une contrainte efficace sur les champs d’ozone et de CO dans la moyenne et basse
troposphe`re.
Mots-Cle´s : Monoxyde de carbone, ozone troposphe´rique, qualite´ de l’air, infrarouge
thermique, ge´ostationnaire, instrument, assimilation de donne´es, inversion de spectres
atmosphe´riques, transfert radiatif.
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7Abstract
Numerical studies in support of an infrared instrument definition for mo-
nitoring air quality from the geostationary orbit
The objective of this thesis is to define a geostationary infrared sensor to observe
the atmospheric composition of the lowermost troposphere. We evaluate the potential
added value of such an instrument at characterizing the variability of the main pollutants
and improving air quality observations and forecasts. We focus on two air quality key
pollutants : tropospheric ozone, because of its impact on human health, ecosystems and
climate ; carbon monoxide (CO), which is a tracer of pollutants emissions.
Firstly, an evaluation of a linear scheme for the CO chemistry during one year and a
half has been performed in comparison with a detailed chemical scheme (RACMOBUS)
and different tropospheric and stratospheric observations (satellite and aircraft data). The
advantage of such a scheme is its low computational cost which allows data assimilation
of CO during long periods. Assimilation of CO data from the Measurements Of Pollution
In The Troposphere (MOPITT) instrument allows us to evaluate the information brought
by such infrared observations at the global scale.
Secondly, the optimal configuration of a new infrared geostationary sensor has been
defined using retrieval studies of atmospheric spectra with the objectives to contribute
to the monitoring of ozone and CO for air quality purposes ; our constraint also set the
ground for a sensor with technically feasible and affordable characteristics. For reference,
the information content of this instrument has been compared during summer to the
information content from another infrared geostationary instrument similar to MTG-IRS
(Meteosat Third Generation - Infrared Sounder), optimized to monitor water vapour and
temperature but with monitoring atmospheric composition as a second objective.
Lastly, the potential added value of both instruments for air quality prognoses has
been compared using observing system simulation experiments (OSSEs) over two summer
months (July - August 2009). The skill of the two instruments to correct different error
sources (atmospheric forcing, emission, initial state and the three conditions together)
affecting air quality simulations and forecasts, has been characterised.
In the end, it is concluded that the instrument configuration proposed is effectively
able to bring a constraint on ozone and CO fields in the mid-to-low troposphere.
Keywords : Carbon monoxide, tropospheric ozone, air quality, thermal infrared, geosta-
tionary, satellite, data assimilation, retrieval, radiative transfer.
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Introduction
Les activite´s humaines ont un impact reconnu sur l’atmosphe`re terrestre. Elles im-
pactent la composition chimique de l’atmosphe`re a` plusieurs e´chelles de temps et d’es-
pace. A grandes e´chelles, le dernier rapport de l’IPCC (International Panel on Climate
Change, 2007) montre que les concentrations de gaz a` effet de serre, comme le me´thane
et le dioxyde de carbone ont fortement augmente´ depuis l’e´poque pre´-industrielle. Ils in-
fluent sur le re´chauffement climatique en absorbant le rayonnement infrarouge e´mis par
la surface terrestre. De meˆme, les ae´rosols (anthropiques, bioge´niques, volcaniques...) in-
terfe`rent e´galement avec le climat en modifiant le bilan radiatif de l’atmosphe`re terrestre.
L’augmentation de la tempe´rature de la surface terrestre et du niveau moyen de la mer
et la diminution de la couverture neigeuse sont les te´moins de ce changement climatique
[IPCC, 2007]. Une autre illustration de l’impact des activite´s humaines sur l’environne-
ment est le “trou d’ozone”, ge´ne´re´ dans la couche d’ozone stratosphe´rique par de fortes
e´missions de Chloro Fluoro Carbures (CFC), [World Meteorological Organization, 2007].
A plus petite e´chelle, les e´missions anthropiques affectent directement l’air que nous
respirons. En effet, la qualite´ de l’air peut avoir un impact ne´gatif sur notre sante´ et sur
l’environnement [Seinfeld et Pandis, 1997]. L’Organisation Mondiale de la Sante´ (OMS) a
mis en place des seuils d’indication des risques pour la sante´ [World Health Organization,
2005]. En Europe, des le´gislations concernant diffe´rents seuils de polluants ont e´te´ ins-
taure´es pour informer la population et les autorite´s. Paralle`lement, l’Union Europe´enne
de´veloppe une strate´gie a` long terme de lutte contre la pollution atmosphe´rique et de pro-
tection de la sante´ humaine et de l’environnement via le programme air pur pour l’Europe
(CAFE). Les populations sont particulie`rement sensibles a` la qualite´ de l’air puisque par
exemple en France, elle occupe la deuxie`me place parmis les principales pre´occupations
des habitants, juste apre`s le changement climatique.
L’ozone troposphe´rique est au coeur de ces pre´occupations. En plus d’eˆtre un gaz a`
effet de serre, il fait partie des principaux polluants toxiques pour les e´cosyste`mes [Cooper
et al., 2010] ; il s’agit d’un gaz irritant qui peut engendrer des maladies pulmonaires ou
cardio-vasculaires. L’ozone n’est pas directement e´mis dans l’atmosphe`re ; il s’agit d’un
polluant secondaire qui joue un roˆle important dans la chimie troposphe´rique car il modifie
la capacite´ oxydante de l’atmosphe`re [Jacob, 2000]. En Europe, les concentrations d’ozone
ont fortement augmente´ entre 1970 et 1990 en raison de l’augmentation des e´missions de
ses pre´curseurs [e.g., Lamarque et al., 2005] ; mais cette tendance positive a diminue´ voire
stoppe´ depuis 1990 en raison des efforts de re´ductions d’e´missions par de nombreux pays
[e.g., Oltmans et al., 2006]. Cependant, malgre´ les efforts de re´glementation des autorite´s
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publiques, les concentrations d’ozone de´passent encore re´gulie`rement les seuils de protec-
tion de la sante´. D’autres polluants sont e´galement re´glemente´s car ils peuvent avoir des
effets ne´fastes sur la sante´ comme les particules en suspensions (PM), les oxydes d’azote
(NOx=NO+NO2) ou le dioxyde de soufre (SO2). Le monoxyde de carbone (CO) n’est
dangereux pour la sante´ qu’a` des concentrations tre`s e´leve´es rarement rencontre´es dans
l’atmosphe`re en milieu non confine´. Le CO est un tre`s bon traceur des sources de com-
bustion. Il s’agit d’un pre´curseur de l’ozone qui fournit des informations sur les sources
de pollution et sur le transport qui affectent la qualite´ de l’air.
La qualite´ de l’air est influence´e par les contributions locales (les e´missions), la chimie
et le transport de petite et grande e´chelle ; elle pre´sente une grande variabilite´ spatiale et
temporelle [McNair et al., 1996]. Sa mode´lisation est complexe puisqu’elle fait intervenir de
nombreux processus physiques et chimiques intrinse`ques aux mode`les (sche´ma chimique et
physique, re´solution spatiale) et extrinse`ques (e´missions, forc¸ages atmosphe´riques) [Menut
et Bessagnet, 2010]. Les mode`les de qualite´ de l’air se sont largement ame´liore´s graˆce
a` l’augmentation des moyens de calculs (e.g., re´solutions spatiales plus fines, sche´mas
chimiques plus complets), aux inventaires d’e´missions plus de´taille´s [Visschedijk et Denier
van der Gon, 2005] ou encore a` des forc¸ages atmosphe´riques plus pre´cis. Honore´ et al.
[2008] ont montre´ par exemple un biais moyen pour l’ozone de l’ordre de 5 μg.m−3, avec
un e´cart type de 20 μg.m−3 et une corre´lation de ∼0.8 en moyenne sur l’Europe de
l’ouest par comparaison aux mesures des stations sol. Cependant, ces mode`les pre´sentent
encore des faiblesses notamment dans la pre´vision des de´passements de seuils d’alerte qui
pourraient eˆtre en partie corrige´es par l’assimilation de donne´es [Lahoz et al., 2007].
En Europe, plusieurs plateformes ope´rationnelles ou pre´-ope´rationnelles permettent
de fournir des cartes journalie`res de pre´visions de qualite´ de l’air. Le projet MACC (Mo-
nitoring Atmospheric Composition and Climate, Hollingsworth et al. [2008]) est le service
pre´-ope´rationnel du projet Europe´en GMES (Global Monitoring for Environment and
Security) ; il propose, entre autres, des pre´visions et des analyses de concentration des
espe`ces cle´ pour la qualite´ de l’air sur l’Europe (http ://macc-raq.gmes-atmosphere.eu).
En France, le syste`me ope´rationnel Prev’air fournit des cartes de pre´visions et d’ana-
lyse de qualite´ de l’air sur l’Europe avec un zoom sur la France, [Rou¨ıl et al., 2008].
Ces plateformes sont essentiellement base´es sur les mode`les de chimie transport et sur
les observations de surface [e.g., Hollingsworth et al., 2008; Rou¨ıl et al., 2008]. Celles-ci
e´chantillonnent directement l’air que nous respirons a` la surface mais pre´sentent des in-
conve´nients ; elles ont une couverture spatiale souvent non homoge`ne et pre´sentent des
inconsistances dans leur repre´sentativite´ et dans leurs mesures [Ignaccolo et al., 2008].
Au contraire, l’avantage des mesures satellites est leur large couverture spatiale mais avec
une plus faible re´solution spatiale voire temporelle pour les satellites de´filants. Les obser-
vations de surface et les mesures satellites pre´sentent donc une forte comple´mentarite´.
Le syste`me d’observations actuel de la composition chimique de la troposphe`re est
base´ essentiellement sur les mesures in situ (ae´roporte´es, sondes, observations de surface)
et sur les observations nadir de satellites de´filants. Les satellites nadir de´filants mesurent
les colonnes ou colonnes partielles d’espe`ces cle´s pour la qualite´ de l’air (ozone, CO, NO2,
SO2). Ces observations ont permis de mieux caracte´riser le transport de longue distance,
les sources de pollutions, les e´missions, la variabilite´ de la composition de la troposphe`re...
Cependant, les observations satellites doivent avoir une revisite temporelle (une heure) et
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une re´solution spatiale (une dizaine de kilome`tres) suffisantes pour surveiller la variabilite´
des polluants [Fishman et al., 2008; Martin, 2008]. Les satellites de´filants ont une revisite
trop faible (une a` deux fois par jour) pour e´chantillonner la variabilite´ temporelle et les
gradients horizontaux des polluants. Une plateforme ge´ostationnaire est donc la seule
plateforme avec les qualite´s requises pour mesurer la qualite´ de l’air.
Ce type de plateforme ge´ostationnaire suscite un inte´reˆt croissant. Aux Etats-Unis, la
mission GEO-CAPE de´die´e a` la chimie troposphe´rique a e´te´ recommande´e pour un lan-
cement en 2016-2017 [National Research Council, 2007]. Au Japon, une mission similaire
a e´te´ accepte´e par la JAXA (Japanese Space Agency) [Akimoto et al., 2008]. En Europe,
plusieurs missions ge´ostationnaires ont e´te´ propose´es pour sonder la basse troposphe`re
comme GeoTrope [Burrows et al., 2004] et GeoFIS [Flaud et al., 2004; Orphal et al.,
2005]. La mission sentinel 4 UVN est pre´vue pour un lancement en 2017 et devrait fournir
des colonnes d’ozone et de NO2 et des e´paisseurs optiques d’ae´rosols. Plus re´cemment, la
mission MAGEAQ (Monitoring the Atmosphere from Geostationary orbit for European
Air Quality) a e´te´ propose´e a` l’agence spatiale europe´enne en tant que candidate pour
EE-8 (Earth Explorer Opportunity Mission). Il s’agit d’un instrument multispectral (vi-
sible et infrarouge) qui permettrait de mesurer l’ozone et le CO dans la basse troposphe`re
et pour des conditions favorables dans la couche limite atmosphe´rique [Peuch et al., 2010].
Afin de de´terminer la valeur ajoute´e de futurs intruments au syste`me d’observation
actuel, des expe´riences de simulation de syste`me d’observations (Observing System Simu-
lation Experiment : OSSE en anglais) sont souvent utilise´es [Atlas, 1997]. Pour simuler
ces futurs syste`mes, des observations synthe´tiques sont ge´ne´re´es a` partir d’une simulation
la plus proche possible d’une atmosphe`re “vraie”, appele´e simulation de re´fe´rence. Les
observations sont cre´e´es en e´chantillonnant cette simulation de re´fe´rence et en prenant
en compte les caracte´ristiques de l’instrument (ge´ome´trie d’observation, erreur, re´solution
spatiale et temporelle...). Ces me´thodes sont largement utilise´es en me´te´orologie pour
e´valuer l’apport de nouvelles observations [e.g., Lahoz et al., 2005; Stoffelen et al., 2006;
Masutani et al., 2010a]. Elles sont en revanche encore peu utilise´es en chimie de l’at-
mosphe`re. Deux e´tudes ont e´te´ re´cemment re´alise´es pour une plateforme ge´ostationnaire :
la premie`re concerne un intrument multispectral (infrarouge et proche-infrarouge) pour le
CO dans la basse troposphe`re [Edwards et al., 2009] ; la seconde un imageur pour mesurer
l’e´paisseur optique d’ae´rosol pour ame´liorer les analyses et pre´visions de PMs [Timmer-
mans et al., 2009].
L’objectif de la the`se est de de´finir un instrument optimal pour l’observation de la
qualite´ de l’air, et de de´terminer le be´ne´fice apporte´ par cet instrument dans les mode`les
de qualite´ de l’air. La future mission sentinel 4 UVN couple´e avec MTG-FCI (Meteo-
sat Third Generation - Flexible Combined Imager) va permettre d’avoir des mesures
ge´ostationnaires de NO2 et de PM. Dans cette the`se, nous allons donc en comple´ment
nous inte´resser a` l’ozone, e´tant donne´ son impact sur la sante´ humaine et les e´cosyste`mes,
et au CO e´tant donne´ sa capacite´ a` renseigner les sources d’e´missions et les processus de
transport. En raison de la variabilite´ spatiale et temporelle des processus implique´s dans la
qualite´ de l’air, ce futur instrument serait place´ sur une plateforme satellite ge´ostationnaire
afin de comple´ter au mieux le syste`me d’observations europe´en actuel. De plus il mesure-
rait dans l’infrarouge thermique, permettant d’obtenir de l’information sur les concentra-
tions d’ozone et de CO troposphe´riques. Plusieurs questions se posent afin de caracte´riser
cet instrument :
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– Quelles caracte´ristiques instrumentales sont ne´cessaires pour sonder la basse tro-
posphe`re ?
– Quel est l’apport de cet instrument dans les mode`les de qualite´ de l’air ?
– Comment peut-on simplifier les diffe´rentes e´tapes ne´cessaires pour mode´liser l’ins-
trument et sa valeur ajoute´e ?
Ce travail de the`se va s’employer a` re´pondre a` ces 3 questions en utilisant diffe´rents ou-
tils : un mode`le de chimie transport (MOde`le de Chimie Atmospherique a` Grande Echelle :
MOCAGE, Peuch et al. [1999]), un syste`me d’assimilation de donne´es (MOCAGE-PALM,
Massart et al. [2005]), un mode`le de transfert radiatif (Karlsruhe Optimized and Precise
Radiative transfer Algorithm : KOPRA, Stiller et al. [2002]) et un mode`le d’inversion de
spectres atmosphe´riques KOPRA-fit, base´ sur les de´rive´es de KOPRA [Ho¨pfner et al.,
1998].
Le premier chapitre de la the`se est consacre´ a` des rappels concernant la chimie tro-
posphe´rique (l’ozone et ses pre´curseurs) et les processus re´gissant la qualite´ de l’air. Nous
y abordons e´galement les principales caracte´ristiques du mode`le de chimie-transport MO-
CAGE et du syste`me d’assimilation variationnelle utilise´ : le 3D-FGAT.
Le second chapitre pre´sente la validation d’un sche´ma line´aire pour le monoxyde de
carbone par comparaison a` un sche´ma chimique complet et a` diffe´rents types d’observa-
tions. La validation est e´galement re´alise´e pour un cas d’assimilation de donne´es satellites
de CO troposphe´rique. L’inte´reˆt de ce chapitre est double. Il pre´sente d’une part un
sche´ma chimique simplifie´, base´ sur une approximation du premier ordre de l’e´quation
de continuite´ du CO, pour mode´liser le CO dans la troposphe`re et dans la stratosphe`re.
L’approche utilise´e est similaire a` celle du sche´ma largement utilise´ pour l’ozone stra-
tosphe´rique [Cariolle et De´que´, 1986; Cariolle et Teysse`dre, 2007]. D’autre part, il permet
d’e´valuer les capacite´s d’un satellite de´filant existant mesurant au nadir dans l’infrarouge
(Measurements Of Pollution In The Troposphere : MOPITT) a` corriger par assimilation
de donne´es des biais observe´s dans les concentrations de CO troposphe´rique a` l’e´chelle du
globe.
Dans le troisie`me chapitre, nous rappelons les connaissances utiles a` la compre´hension
et la mode´lisation des mesures dans l’infrarouge : les interactions rayonnement-matie`re,
le transfert radiatif, les techniques d’inversion et le fonctionnement des spectrome`tres. Un
re´capitulatif des satellites actuels ou dont le lancement est de´cide´, mesurant l’ozone et le
CO dans l’infrarouge y est inclus.
Le quatrie`me chapitre pre´sente des e´tudes d’inversion de spectres atmosphe´riques pour
de´finir un instrument ge´ostationnaire infrarouge pour mesurer la qualite´ de l’air. Les ob-
servations synthe´tiques de deux instruments infrarouges ge´ostationnaires sont compare´es.
Le premier a des caracte´ristiques optimise´es pour la qualite´ de l’air. Les caracte´ristiques
du second, similaires a` l’instrument MTG-IRS (Meteosat Third Generation - Infrared
Sounder), sont optimise´es pour la pre´vision nume´rique du temps (profil de vapeur d’eau
et de tempe´rature). Ces deux instruments mesurent des luminances dans la meˆme re´gion
spectrale mais avec des performances diffe´rentes. La comparaison est re´alise´e dans la basse
troposphe`re pour une journe´e sur l’Europe et pour 15 jours sur 6 capitales europe´ennes.
Le cinquie`me chapitre reprend les caracte´ristiques des deux instruments du chapitre
4, mais pour quantifier l’apport des deux instruments dans un mode`le de qualite´ de l’air
en utilisant des OSSEs. Tout d’abord une me´thode est mise en place en utilisant l’impact
du contraste thermique sur les observations infrarouges pour simplifier la ge´ne´ration des
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observations synthe´tiques, tre`s couˆteuses en temps de calcul. Ensuite quatre expe´riences
sont effectue´es afin de de´terminer la capacite´ de chacun des deux instruments a` corriger
diffe´rentes sources d’erreur rencontre´es dans les mode`les de qualite´ de l’air : les e´missions,
les forc¸ages atmosphe´riques, les conditions initiales et les 3 sources d’erreur ensemble. La
valeur ajoute´e des deux satellites est e´value´e se´pare´ment sur deux mois estivaux (juillet-
aouˆt 2009) dans la basse troposphe`re entre la surface et 5 km mais e´galement sur les
statistiques de pre´visions de de´passement des seuils re´glementaires pour l’ozone.
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Ce chapitre re´sume succinctement les connaissances utiles a` la compre´hension des
chapitres suivants qui pre´sentent les re´sultats du travail de the`se. Les bases de la chimie
troposphe´rique sont d’abord aborde´es avec en particulier la chimie de l’ozone et de ses
pre´curseurs. Puis, le mode`le de chimie-transport MOCAGE ainsi que le syste`me d’assi-
milation de donne´es MOCAGE-PALM utilise´s dans la the`se sont pre´sente´s.
1.1 Structure de l’atmosphe`re terrestre
L’atmosphe`re terrestre est compose´e de diffe´rentes couches de´finies par le profil vertical
moyen de tempe´rature (Fig. 1.1). La troposphe`re est la couche la plus proche de la surface,
caracte´rise´e par un profil de tempe´rature qui de´croˆıt avec l’altitude. Elle contient plus de
80% de la masse de l’atmosphe`re terrestre, ainsi que la quasi-totalite´ de la vapeur d’eau. Le
me´lange vertical y est relativement efficace notamment par les processus de convection, car
cette couche est par nature instable du fait du gradient vertical thermique. Le minimum de
tempe´rature de cette couche correspond a` la tropopause qui est comprise entre 15 et 18 km
aux tropiques et entre 7 et 9 km aux poˆles et qui se´pare la troposphe`re de la stratosphe`re.
La stratosphe`re est caracte´rise´e par un gradient thermique positif duˆ a` la pre´sence d’ozone.
Les mouvements verticaux y sont faibles et le passage de constituants chimiques de la
troposphe`re vers la stratosphe`re est limite´ par cette stabilite´ qui jour le roˆle de barrie`re
dynamique. Au dela` de la stratosphe`re se situe la stratopause, approximativement a` 1
hPa, marque´e par un maximum de tempe´rature puis la me´sosphe`re (ou` la tempe´rature
de´croˆıt avec l’altitude), et la thermosphe`re (ou` la tempe´rature croˆıt a` nouveau).
Fig. 1.1 – Profil de Tempe´rature dans l’atmosphe`re en ◦C.
A proximite´ imme´diate de la surface, dans la basse troposphe`re, se situe la couche
limite atmosphe´rique (CLA). L’e´coulement y est fortement influence´ par la surface et
le me´lange turbulent y est en ge´ne´ral tre`s important. Le de´veloppement de la CLA a
un cycle diurne (Fig. 1.2) essentiellement lie´ aux variations diurnes de rayonnement. Tre`s
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sche´matiquement, en fin d’apre`s midi le sol chaud se refroidit par rayonnement infrarouge.
Le gradient de tempe´rature de la couche de surface passe rapidement d’un e´tat instable a`
un e´tat stable. Il se de´veloppe pre`s de la surface une couche stable nocturne dans laquelle
peut persister une couche re´siduelle forme´e pendant la journe´e. Peu apre`s le lever du jour,
le gradient de tempe´rature devient souvent instable, la couche de surface stable disparaˆıt
et il se forme une couche convective.
Fig. 1.2 – Evolution de la couche limite atmosphe´rique au cours de la journe´e d’apre`s
[Stull, 1988]
L’essentiel du travail de the`se pre´sente´ par la suite, s’articule autour de la composition
chimique de la troposphe`re et de la CLA.
1.2 La chimie troposphe´rique
1.2.1 L’ozone
L’ozone (O3) n’est pas e´mis directement ni par les processus naturels ni par les ac-
tivite´s humaines : c’est une espe`ce dite secondaire. Il re´sulte uniquement de re´actions
photochimiques. Meˆme si 90% de l’ozone global se situe dans la stratosphe`re, forme´
par photodissociation de l’oxyge`ne, l’ozone troposphe´rique joue un roˆle essentiel dans
la capacite´ oxydante de la troposphe`re (Fig. 1.3). En effet, sa dissociation conduit a` la
formation du radical hydroxyle (OH) qui est le principal oxydant de l’atmosphe`re. Une
partie de l’ozone troposphe´rique provient de la stratosphe`re. En effet, l’air sec et riche en
ozone de la stratosphe`re est transporte´ au travers de la tropopause lors d’intrusions stra-
tosphe´riques [Danielsen, 1968]. Ces phe´nome`nes ont essentiellement lieu aux moyennes
latitudes. L’autre partie de l’ozone troposphe´rique est forme´e a` partir de pre´curseurs, les
oxydes d’azote et les compose´s organiques volatils, e´mis a` la fois naturellement et par les
activite´s humaines.
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Fig. 1.3 – Profil de l’ozone dans l’atmosphe`re et de´limitation troposphe`re/stratosphe`re.
1.2.1.1 Production de l’ozone
A la diffe´rence de la stratosphe`re, les rayons de longueur d’onde infe´rieur a` 300 nm
ne peuvent ge´ne´ralement pas atteindre la troposphe`re. L’O3 est donc produit dans la
troposphe`re a` partir de la recombinaison entre un atome d’oxyge`ne et de dioxyge`ne (O2).
La photodissociation du dioxyde d’azote (NO2) dans le visible vers 400 nm produit un
atome oxyge`ne.
NO2 + hv −→ NO + O (1.1)
O + O2 + M −→ O3 + M (1.2)
ou` M repre´sente une tierce mole´cule stable, capable d’absorber l’exce`s d’e´nergie vibra-
tionnelle.
Une fois forme´, O3 peut re´agir avec NO pour rege´ne´rer NO2 :
O3 + NO −→ NO2 (+ O2) (1.3)
La production nette de l’O3 a lieu de`s lors que la reconversion de NO en NO2 ne met
pas en jeu l’O3 mais un autre compose´ tel que les radicaux hydroperoxyl (HO2) ou les
radicaux peroxyl (RO2), ou` R repre´sente une chaˆıne organique. Ces radicaux re´sultent de
l’oxydation des compose´s carbone´s tels que le monoxyde de carbone (CO), le me´thane
(CH4) et d’autres hydrocarbures. La production photochimique de l’O3 par l’oxydation
du CO est re´alise´e suivant la suite de re´actions suivantes :
CO + OH → HO2 + CO2 (1.4)
HO2 + NO → OH + NO2 (1.5)
NO2 + hv → NO + O (1.6)
O + O2 + M → O3 + M (1.7)
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aboutissant au bilan :
CO + 2O2 + hv → O3 + CO2 (1.8)
La production photochimique de l’O3 par l’oxydation des compose´s organiques volatils
(COVs) est plus complexe et conduit a` la production de H2O et O3 de la manie`re suivante :
OH + RH → R + H2O (1.9)
R + O2 + M → RO2 + M (1.10)
RO2 + NO → RO + NO2 (1.11)
RO + O2 → HO2 + R′CHO (1.12)
HO2 + NO → HO + NO2 (1.13)
2(NO2 + hv → NO + O) (1.14)
O + O2 + M → O3 + M (1.15)
aboutissant au bilan :
RH + 4O2 + hv → R′CHO + H2O + 2O3 (1.16)
ou` RH repre´sente les hydrocarbures non me´thaniques et ou` R’ est un fragment organique
ayant un atome de carbone de moins que R.
On obtient pour le me´thane de la meˆme fac¸on le bilan suivant :
CH4 + 4O2 + hv → CH2O + H2O + 2O3 (1.17)
Les NOx (NO + NO2) ne sont pas consomme´s dans ces diffe´rences re´actions. Ce sont
alors des catalyseurs de la production photochimique de l’O3. Ces ensembles de re´actions
peuvent se re´pe´ter jusqu’a` ce que le cycle soit rompu lors de la perte d’une des mole´cules,
comme par exemple la re´action entre OH et NO2 formant de l’acide nitrique HNO3.
OH + NO2 + M → HNO3 + M (1.18)
1.2.1.2 Puits de l’ozone
Outre le de´poˆt sec a` la surface, l’ozone est e´galement e´limine´ par destruction photochi-
mique en re´action avec NO (eq. 1.3) et par photolyse, en proportion largement moindre
que dans la stratosphe`re. La photolyse de l’O3 libe`re un atome d’oxyge`ne soit dans son e´tat
fondamental (note´ O ou O(3P )) lors d’un rayonnement a` des longueurs d’ondes infe´rieures
a` 1000 nm soit dans un e´tat excite´ (note´ O(1D)) pour un rayonnement a` des longueurs
d’ondes infe´rieures a` 320 nm. En effet, seules les longueurs d’ondes supe´rieures a` 290 nm
pe´ne`trent l’atmosphe`re jusqu’a` proximite´ de la surface.
O3 + hv(< 320nm)→ O(1D) + O2 (1.19)
O3 + hv(< 1000nm)→ O(3P ) + O2 (1.20)
Une fraction importante de O(1D) (90%) est alors ramene´ rapidement en O(3P ) par
collision avec les mole´cules d’azote et d’oxyge`ne (note´es M simplement ci-dessous).
O(1D) + M → O(3P ) + M (1.21)
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Les atomes d’oxyge`ne dans l’e´tat fondamental se recombinent rapidement avec O2 pour
former O3.
O(3P ) + O2 + M → O3 + M (1.22)
Les 10% restants d’atomes d’oxyge`ne excite´s re´agissent alors avec H2O pour former deux
radicaux hydroxyl OH
O(1D) + H2O → 2OH (1.23)
La photolyse de l’O3 est donc avec la photolyse des compose´s organiques volatils et l’oxy-
dation des hydrocarbures, une des principales sources de concentration de OH dans la
troposphe`re.
1.2.2 Les pre´curseurs de l’ozone
1.2.2.1 Les oxydes d’azotes
Les oxydes d’azotes (NOx) sont tre`s importants pour la chimie troposphe´rique car ils
constituent la source principale d’O3 (cf eq. 1.1 et 1.2). Les NOx sont essentiellements
e´mis sous forme de NO puis tre`s rapidement converti en NO2. 50% des e´missions de NOx
proviennent des activite´s anthropiques (combustion fossiles et de biomasse) et 30% de
l’activite´ bioge´nique des sols. Les 20% restant proviennent de sources en altitude : les
e´missions des avions et la production de NO lie´e aux e´clairs. La dure´e de vie des NOx
augmente avec l’altitude : elle est de l’ordre de quelques heures dans les basses couches et
atteint 4 jours dans la haute troposphe`re. Leur rapport de me´lange varie entre 10 pptv et
1 ppbv et peut atteindre plusieurs dizaine de ppbv en agglome´ration et lors d’e´pisodes de
pollution. L’acide nitrique (HNO3) et le peroxy acetyle nitrate (PAN, CH3COO2NO2)
sont des re´servoirs pour les NOx, sous cette forme les NOx peuvent eˆtre transporte´s a`
grande distance a` l’e´chelle continentale. En effet, le HNO3 peut rege´ne´rer des NOx soit par
photolyse soit par re´action avec OH. Le PAN peut rege´ne´rer des NO2 par de´composition.
1.2.2.2 Le me´thane
Le me´thane (CH4) est le compose´ carbone´ le plus important apre`s le CO2 dans la
troposphe`re, en raison de son temps de vie long (∼ 8 ans) et de ses proprie´te´s d’ab-
sorption dans l’infrarouge ; c’est un gaz a` effet de serre. Il est e´mis lors des processus de
de´composition bacte´rienne de la matie`re organique dans des conditions anae´robies, lors
de de´gazages des installations charbonnie`res, pe´trolie`res et gazie`res et lors de combustion
de biomasse. Son principal puits est la re´action du me´thane avec OH. Les sources de CH4
sont pre´dominantes dans l’he´misphe`re nord ce qui engendre des rapports de me´lange de
l’ordre de 1.75 ppmv dans l’he´misphe`re nord contre 1.65 ppmv dans l’he´misphe`re sud
[Delmas et al., 2005].
1.2.2.3 Le monoxyde de carbone
Le monoxyde de carbone est e´mis directement dans l’atmosphe`re lors des processus de
combustion incomple`te des hydrocarbures fossiles ou de la biomasse. Il est de plus produit
dans l’atmosphe`re lors de l’oxydation du me´thane ou d’autres hydrocarbures. Deux tiers
du CO provient des e´missions de surfaces et un tier du CO est produit dans l’atmosphe`re.
Son principal puits provient, comme pour le me´thane, de sa re´action avec OH. Son rapport
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de me´lange dans la troposphe`re est de l’ordre de 90 ppb mais les concentrations de CO
peuvent eˆtre cinq a` dix fois plus e´leve´es au voisinage des sources de combustion et dans
les panaches. Son temps de vie (qui de´pend de la latitude et de l’altitude), de l’ordre
de un a` deux mois dans la troposphe`re, lui permet d’eˆtre un bon traceur des sources
d’hydrocarbures qu’il s’agisse de pollution anthropique ou de feux de biomasse.
1.2.2.4 Les compose´s organiques volatils
Les compose´s organiques volatils (COV) comprennent l’ensemble des compose´s orga-
niques excepte´s le CO et le CO2. Les e´missions de COV proviennent a` 90% d’origine
naturelle par les ve´ge´taux. Ils sont e´galement e´mis lors des combustions de fossiles et
de biomasses ainsi que par les autres activite´s humaines (e.g., solvant). Les COVs sont
de´truits par re´action d’oxydation avec OH et O3 de jour, ainsi que NO3 (radical nitrate)
de nuit. Leur dure´e de vie peut s’e´chelonner d’une heure a` quelques jours. Le rapport de
me´lange des COVs se compte en ge´ne´ral en ppt mais a` proximite´ des sources, les concen-
trations peuvent eˆtre de 10 a` 100 fois plus fortes et atteindre quelques ppb.
Les relations entre la production photochimique de l’O3 par rapport aux NOx et aux
COVs ne sont pas line´aires. On peut observer deux re´gimes de production d’O3 : le re´gime
chimique sensible aux NOx (la production d’O3 augmente avec la quantite´ de NOx dis-
ponible et change peu avec la quantite´ de COVs) et le re´gime chimique sensible au COVs
(la production d’O3 augmente avec les COVs et diminue avec les NOx) [Sillman, 1999].
La connaissance du re´gime photochimique est alors cruciale pour la gestion de la qualite´
de l’air, pour de´terminer si la re´duction des e´missions de NOx ou de COVs est la plus
avantageuse pour diminuer la production d’O3.
1.2.3 Qualite´ de l’air et couche limite
L’air que nous respirons concerne la tranche de l’atmosphe`re situe´e au plus pre`s de
nous : la couche limite atmosphe´rique. La hauteur de CLA a une variation diurne avec
des hauteurs a` nos latitudes (Europe) qui varient de quelques me`tres a` 2 km. En pre´sence
de phe´nome`nes exceptionnels (canicule de 2003 par exemple) la hauteur de couche limite
peut atteindre 4-5 km ; l’hiver, elle n’est e´paisse au maximum de la journe´e que de quelques
centaines de me`tres. Elle est pollue´e directement ou quasi-directement par les e´missions
anthropiques. De plus, la mauvaise qualite´ de l’air a un impact direct sur la sante´ avec
notamment des effets sur les voies respiratoires qui peuvent entraˆıner irritations, allergie,
asthmes... (cf Figure 1.4).
Les polluants atmosphe´riques primaires les plus surveille´s, e´mis directement dans l’at-
mosphe`re, en ge´ne´ral au niveau du sol par les activite´s anthropiques et biotiques, sont
les particules, les oxydes de soufre (SO2) et d’azote et les compose´s organiques volatils
qui interagissent dans l’atmosphe`re au travers de processus complexes. Puis viennent le
monoxyde de carbone, les me´taux lourds, et les hydrocarbures aromatiques polycycliques.
Les oxydes d’azote, les compose´s organiques volatils, et le monoxyde de carbone jouent
notamment un roˆle de pre´curseurs du principal polluant atmosphe´rique secondaire : l’O3,
dont le bilan de masse dans la basse troposphe`re est re´gi par des cycles complexes de
production et destruction (cf 1.2.1). Parmi les espe`ces chimiques cible´es par les directives
europe´ennes, certaines sont plus proble´matiques car elles de´passent plus re´gulie`rement les
seuils d’alerte. Ces espe`ces sont les NOx, les particules en suspension (PM) et l’O3. De
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plus, le monoxyde de carbone (toxique uniquement a` des rapports de me´lange tre`s e´leve´s)
contribue a` la formation de l’O3 sur des e´chelles de temps de la semaine au mois (cf eq.
1.8), et renseigne sur tous les polluants e´mis par les combustions indirectes.
Les plus fortes concentrations de polluants ont souvent lieu lors d’e´pisodes de plusieurs
jours conse´cutifs qui cumulent forte chaleur et fort rayonnement solaire (pe´riode anti-
cyclonique estivale). La pre´sence d’une tempe´rature e´leve´e, qui favorise les e´missions
bioge´niques d’hydrocarbures, associe´e a` une activite´ photochimique importante parti-
cipe a` l’apparition de bulles d’O3. Ces bulles peuvent grossir prendant plusieurs jours,
jusqu’a` s’agglome´rer pour former de grandes zones pollue´es. Il s’agit de la pollution pho-
tochimique. Un autre type de pollution est la pollution primaire (PM, NO2,SO2) qui se
trouve essentiellement au voisinage des e´missions (e.g., grandes agglome´rations, poˆles in-
dustriels). Elle est plus importante en hiver en pre´sence de conditions stagnantes (CLA
basse car peu convective). Le cas tristement ce´le`bre de l’e´pisode de Londres en de´cembre
1952 est emble´matique de ce type de pollution, que nous n’abordons pas directement dans
cette the`se.
Fig. 1.4 – Pyramide des effets aigus associe´s a` la pollution atmosphe´rique. Source :
Direction de la sante´ publique de Montre´al 2003.
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1.3 La mode´lisation de la chimie atmosphe´rique : le
mode`le MOCAGE
1.3.1 La mode´lisation nume´rique
Tout comme en me´te´orologie, la mode´lisation nume´rique est un outil important pour
la recherche et les applications dans le domaine de la physico-chimie de l’atmosphe`re.
Un mode`le nume´rique est compose´ d’un ensemble de processus physiques et chimiques,
traduits sous la forme d’e´quations mathe´matiques ou de relations empiriques, re´solues
ge´ne´ralement de fac¸on approche´e a` l’aide de moyens de calculs en constante e´volution.
Dans le domaine de la physico-chimie de l’atmosphe`re, les premiers mode`les tridimension-
nels ont vu le jour il y a une trentaine d’anne´es. Une importante finalite´ de la mode´lisation
est la ve´rification des hypothe`ses et de la connaissance de l’e´tat de l’art, par confrontation
des simulations nume´riques avec la re´alite´ observe´e. La seconde est d’utiliser les mode`les
nume´riques a` des fins de pre´visions plus ou moins lointaines : de la pre´vision de temps chi-
mique a` quelques jours pour la qualite´ de l’air jusqu’a` la pre´vision sur plusieurs de´cennies
pour le changement climatique. Les mode`les sont e´galement utilise´s par les de´cideurs afin
de mettre en place des solutions aux proble`mes de pollution et de re´chauffement clima-
tique.
Dans ce travail de the`se, le mode`le de chimie-transport ou “chemical transport model”
(CTM) utilise´ est le mode`le MOCAGE de´veloppe´ a` Me´te´o-France. Il est pre´sente´ succinc-
tement dans la section suivante.
1.3.2 Le mode`le MOCAGE
MOCAGE (MOde`le de Chimie Atmosphe´rique a` Grande E´chelle) est le mode`le tridi-
mensionnel de chimie-transport de Me´te´o-France. Il est le fruit d’une activite´ de longue
date a` Me´te´o-France. Le premier mode`le de´veloppe´, MOBIDIC [Cariolle, 1982] e´tait un
mode`le bidimensionnel. Il est toujours utilise´ pour mettre au point des parame´trisations
simplifie´es de la photochimie de l’ozone [Cariolle et De´que´, 1986] et du monoxyde de
carbone (cf Chap.3). Avec l’augmentation des moyens de calculs, un premier mode`le tri-
dimensionnel, de´veloppe´ en collaboration avec le NCAR, a vu le jour : REPROBUS (Reac-
tive Procecesses Ruling the Ozone Budget in the Stratosphere ,Lefe`vre et al. [1994]), pour
e´tudier la composition chimique de la stratosphe`re. MOCAGE a permis d’e´tendre RE-
PROBUS a` la troposphe`re. Il est capable de simuler les interactions entre dynamique,
physique et chimie dans la basse stratosphe`re et la troposphe`re en prenant en compte de
manie`re de´taille´e les processus photochimiques et le transport des espe`ces a` longue dure´e
de vie (Figure.1.5). Il offre la possibilite´ d’effectuer des zooms, pour offrir une re´solution
horizontale forte sur un domaine d’inte´reˆt.
Description du mode`le
Il s’agit d’un mode`le global tridimensionnel en points de grille traitant la troposphe`re
et la stratosphe`re. Il permet de traiter jusqu’a` 4 domaines imbrique´s a` double sens ; la
de´finition des diffe´rents domaines e´tant flexible. Dans la configuration actuellement uti-
lise´e, la re´solution horizontale du mode`le va de 2◦ a` 0.02◦ (2 km). Dans cette the`se, les
configurations retenues sont 2◦ sur le domaine global et 0.5◦ sur le domaine Europe (30◦N
70◦N ; -15◦O 35◦E). La configuration multi-e´chelle permet de couvrir un spectre tre`s large
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Fig. 1.5 – Principaux processus physico-chimiques mis en jeu pour la mode´lisation
nume´rique de la composition chimique de l’atmosphe`re d’apre`s Delmas et al. [2005]
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d’applications depuis la qualite´ de l’air [Dufour et al., 2004; Honore´ et al., 2008; Holling-
sworth et al., 2008] jusqu’aux simulations stratosphe´riques climatiques [Teysse`dre et al.,
2007].
MOCAGE est un CTM “offline” : il utilise des champs me´te´orologiques archive´s issus
de mode`les de pre´visions du temps, ou de mode`les de climat. Les champs de vents hori-
zontaux, de tempe´rature, de pression et d’humidite´ proviennent des mode`les ARPEGE,
ALADIN et AROME, les mode`les de pre´vision nume´rique du temps de Me´te´o-France ou
du mode`le du Centre Europe´en de Pe´visions Me´te´orologiques a` Moyen Terme. Dans ce
travail de the`se, les forc¸ages atmosphe´riques proviennent d’ARPEGE. La vitesse verticale
du vent est recalcule´e par MOCAGE pour s’assurer de la non divergence et ainsi conser-
ver la masse des constituants chimiques. MOCAGE recalcule e´galement la ne´bulosite´ et
l’humidite´ de la stratosphe`re puisque ce parame`tre me´te´orologique est e´galement un pa-
rame`tre chimique important a` ces altitudes.
Sur la verticale, dans sa version standard, MOCAGE posse`de 47 niveaux de la surface
jusqu’a` 5 hPa, avec 7 niveaux dans la couche limite atmosphe´rique. Il existe une version
en 60 niveaux e´tendue dans la stratosphe`re jusqu’a` 0.1 hPa. Dans ce travail de the`se, la
version a` 47 niveaux est utilise´e. Les coordonne´es verticales sont des coordonne´es hybrides
combinant les syste`mes a` coordonne´es de pression et a` coordonne´es σ de telle sorte que
la couche la plus proche de la surface e´pouse le relief (Figure 1.6).
Le transport
Le transport aux e´chelles re´solues et sous-maille est pris en compte dans MOCAGE. Pour
le transport re´solu, l’advection est base´e sur un sche´ma semi-lagrangien de [Williamson
et Rasch, 1989]. La convection et la diffusion turbulente ne sont pas re´solues explicite-
ment. Les processus convectifs sont assure´s par deux sche´mas possibles : [Tiedtke, 1989]
ou [Bechtold et al., 2001]. La diffusion turbulente est base´e sur le sche´ma de [Louis, 1979].
Ces sche´mas sont pre´sente´s et e´value´s dans Josse et al. [2004] et dans Pisso et al. [2008].
Emissions et de´poˆts
Les processus d’e´change de surface, les e´missions et le de´poˆt sont pris en compte et traite´s
de manie`re externalise´e [Michou et Peuch, 2002]. Le de´poˆt sec en surface est base´ essen-
tiellement sur le sche´ma de [Wesely, 1989], de´crit dans [Michou et al., 2004]. Le de´poˆt
humide (ou lessivage) est parame´tre´ pour les nuages stratiformes et convectifs [Giorgi et
Chameides, 1986], [Mari et al., 2000].
Les sche´mas chimiques
Plusieurs sche´mas chimiques sont imple´mente´s dans MOCAGE et peuvent eˆtre utilise´s
en fonction des applications envisage´es. Pour des applications a` de longues simulations
ou pour l’assimilation de donne´es sur de longues pe´riodes, deux sche´mas line´aires pour
l’ozone [Cariolle et De´que´, 1986] et le monoxyde de carbone (cf chap 3) sont inte´gre´s
dans MOCAGE. Ces parame´trisations sont base´es sur une line´arisation des tendances
chimiques autour d’un e´tat d’e´quilibre issues d’un sche´ma photochimique bidimensionnel
MOBIDIC [Cariolle et al., 2008]. Pour des applications de mode´lisations plus de´taille´es
de la chimie de l’atmosphe`re, plusieurs sche´mas complets sont imple´mente´s. Le sche´ma
stratosphe´rique REPROBUS contient plus d’une centaine de re´actions chimiques en phase
he´te´roge`ne et homoge`ne et le sche´ma troposphe´rique RACM (Regional Atmospheric Che-
mistry Mechanism) prend en compte les espe`ces et les re´actions chimiques primordiales
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Fig. 1.6 – Les 47 niveaux verticaux hybrides (σ,P ) dans la version standard du mode`le
MOCAGE. A gauche le de´coupage de l’atmosphe`re en 47 couches, a` droite les coefficients
Ai et Bi permettant de calculer la pression de chaque niveau i suivant la formule Ai+Bi.Ps,
avec Ps la pression de surface.
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pour la chimie troposphe´rique. Le sche´ma RACMOBUS qui est une combinaison de RE-
PROBUS et de RACM est valable dans la troposphe`re et dans la stratosphe`re et contient
119 espe`ces et 372 re´actions. De plus, trois espe`ces primaires d’ae´rosols atmosphe´riques
ont e´te´ introduits dans MOCAGE : les ae´rosols carbone´s, les ae´rosols de´sertiques et les
ae´rosols marins. Le module d’e´missions dynamiques de poussie`res de´sertiques introduit
dans MOCAGE a e´te´ valide´ par Martet et al. [2009] et celui du carbone-suie par Nho-Kim
et al. [2005].
1.4 L’assimilation de donne´es
L’objectif des me´thodes d’assimilation de donne´es est de combiner de fac¸on statistique-
ment optimale une information a priori, appele´e “e´bauche” et qui provient ge´ne´ralement
des simulations d’un mode`le nume´rique, avec des observations [Talagrand, 1997]. Ces deux
sources d’information sont caracte´rise´es par leurs erreurs associe´es. Le produit de cette
ope´ration est appele´e “analyse”. L’analyse correspond a` une correction de l’e´bauche en
mesurant l’e´cart entre la pre´vision et les observations. La correction de l’e´bauche prend en
compte les incertitudes lie´es a` l’e´bauche et aux observations. L’analyse pre´sente un grand
inte´reˆt car elle repre´sente un diagnostic cohe´rent de l’atmosphe`re, plus pre`s de la re´alite´
qu’une sortie de mode`le et plus complet qu’un ensemble d’observations ge´ne´ralement
he´te´roge`ne en espace et en nature. De plus l’analyse peut e´galement eˆtre utilise´e comme
e´tat initial d’une pre´vision ou pour e´valuer la qualite´ d’une pre´vision.
L’assimilation de donne´es a e´te´ introduite en chimie atmosphe´rique par [Fisher et Lary,
1995] dans la stratosphe`re puis par [Elbern et al., 1997] dans la troposphe`re. [Lahoz et al.,
2007] montrent que l’assimilation de donne´es observe´es dans un mode`le de chimie trans-
port permet d’obtenir un e´tat plus re´aliste de l’e´volution de la composition chimique de
l’atmosphe`re.
Il existe deux grandes familles de techniques d’assimilation de donne´es :
– l’assimilation se´quentielle : elle est base´e sur la the´rorie d’estimation line´aire sta-
tistique. Elle consiste a` ajuster une ou plusieurs variables du mode`le par rapport
aux observations au fur et a` mesure de leur disponibilite´ dans le temps, sans jamais
utiliser d’observations futures [Kalman, 1960]
– L’assimilation variationnelle : elle est base´e sur la the´orie de l’optimisation. Elle
consiste a` utiliser l’ensemble des obervations passe´es et futures sur une pe´riode
de´termine´e, appele´e feneˆtre d’assimilation, pour obtenir un e´tat initial optimum
permettant une trajectoire du mode`le la plus proche des observations [Dimet et
Talagrand, 1986].
Dans ce travail de the`se, l’approche variationnelle est la me´thode utilise´e. Cette me´thode
consiste a` minimiser une fonctionnelle J(x), appele´e fonction couˆt.
J(x) = Jb + Jo + Jc (1.24)
L’analyse xa correspond a` la valeur de x qui minimise cette fonctionnelle J. Cette fonc-
tion couˆt est de´compose´e en trois fonctions couˆt partielles : Jb est relative a` l’e´cart a`
l’e´bauche (ou background), Jo est relative a` l’e´cart aux observations et Jc est optionnelle
et correspond a` la prise en compte de contraintes physiques. Il exite diffe´rentes me´thodes
variationnelles dont le 3D-VAR, le 4D-VAR et le 3D-FGAT.
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1.4.1 Le 3D-VAR
Fig. 1.7 – Re´partition des observations dans un sche´ma 3D-VAR classique d’apre`s [Dajet,
2007]
Pour la me´thode variationnelle du 3D-VAR, on ne conside`re pour chaque assimilation
que l’ensemble des observations re´alise´es au voisinage de l’instant ou` l’on re´alise l’assimila-
tion (cf Fig.1.7) [Courtier et al., 1991]. La proce´dure de minimisation permet de modifier
l’e´tat initial xb, pour obtenir l’analyse xa qui minimise l’e´cart avec les observations. La
fonction couˆt peut s’e´crire sous la forme :
J(x) =
1
2
(x− xb)TB−1(x− xb) + 1
2
(y −Hx)TR−1(y −Hx) (1.25)
ou` B et R correspondent respectivement a` la matrice de variances-covariances d’erreur
d’e´bauche et d’observation. H est l’ope´rateur d’observation : il permet de passer de l’espace
du mode`le vers l’espace des observations.
Pour minimiser la fonction couˆt, il est pre´fe´rable de connaˆıtre son gradient afin d’utiliser
un minimiseur. Ce gradient est donne´ par la relation :
∇J(x) = B−1(x− xb)−HTR−1(y −Hx) (1.26)
L’ope´rateur HT repre´sente la matrice transpose´e de la matrice associe´e a` l’ope´rateur
line´aire H. Lorsque l’ope´rateur d’observation n’est pas line´aire, alors HT correspond a` la
matrice transpose´e de l’ope´rateur tangent line´aire a` H en x, note´ H :
Il est e´galement possible de substituer a` l’e´tat x, l’incre´ment :
δx = x− xb (1.27)
On va alors chercher l’e´cart δx qui minimise la fonction couˆt J qui, dans le cas line´aire
peut se re´e´crire :
J(δx) =
1
2
(δx)TB−1(δx) +
1
2
(d−Hδx)TR−1(d−Hδx) (1.28)
ou` d = y−Hxb repre´sente la distance, dans l’espace des observations, entre les observations
et l’e´bauche. d est appele´ vecteur innovation ou misfit. Le gradient de la fonction couˆt est
alors calcule´ de la fac¸on suivante :
∇J(δx) = B−1(δx)−HTR−1(d−Hδx) (1.29)
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La valeur analyse´e est alors calcule´e par la formule xa = xb + δx. La me´thode du 3D-VAR
ne prend pas en compte la dimension temporelle afin de re´aliser l’analyse. Il s’agit donc
d’une limitation car elle ne peut pas prendre en compte la cohe´rence des observations qui
sont successivement assimile´es dans le temps.
1.4.2 Le 4D-VAR
Fig. 1.8 – Principe de la technique variationnelle du sche´ma 4D-VAR d’apre`s [Dajet,
2007].
La me´thode variationnelle du 4D-VAR correspond a` une extension temporelle comple`te
du 3D-VAR. Elle vise a` obtenir une trajectoire optimale sur une feneˆtre temporelle (cf Fig.
1.8) [The´paut et Courtier, 1991]. Cette technique permet de prendre en compte l’ensemble
des observations au sein d’une feneˆtre temporelle. La minimisation de la fonction couˆt
permet d’optimiser l’e´cart entre la simulation et l’ensemble des observations de la feneˆtre
d’assimilation. La me´thode du 4D-VAR implique l’adjoint du mode`le line´aire-tangent M∗
pour prendre en compte la distribution temporelle des observations et propager l’infor-
mation apporte´e par les observations a` l’instant initial de la feneˆtre d’assimilation. Dans
la forme incre´mentale, l’ope´rateur d’observation et le mode`le sont e´galement line´arise´s au
premier ordre au voisinage de l’e´bauche :
xi ∼ xb +Mi,0δx (1.30)
Hx ∼ Hxb +HiMi,0δx (1.31)
Pour chaque observation yi, on calcule l’e´quivalent mode`le Mi,0 entre le temps 0 et le
temps i a` partir de l’e´bauche xb. Le vecteur innovation est alors e´gal a` :
di = HiMi,0xb − yi (1.32)
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La fonction couˆt s’e´crit alors sous la forme incre´mentale :
J(δx) =
1
2
(δx)TB−1(δx) +
1
2
∑
i
(di −HiMi,0δx)TR−1i (di −HiMi,0δx) (1.33)
et son gradient :
∇J(δx) = B−1δx−∑
i
M∗i,0H
T
i R
−1
i (di −HiMi,0δx) (1.34)
Dans la me´thode incre´mentale du 4D-VAR, l’incre´ment est propage´ dans le temps avec
le mode`le line´aire-tangent. Le calcul du gradient ne´cessite l’inte´gration de l’adjoint du
mode`le line´aire-tangent sur toute la feneˆtre d’assimilation. A la fin de la minimisation,
l’incre´ment obtenu est ajoute´ a` l’e´bauche au de´but de la feneˆtre. Le mode`le est ensuite
inte´gre´ sur la feneˆtre d’assimilation, prenant comme e´tat initial l’e´bauche plus l’incre´ment,
pour obtenir la trajectoire analyse´e (Fig. 1.8).
1.4.3 Le 3D-FGAT
Fig. 1.9 – Re´partition des observations dans un 3D-FGAT d’apre`s [Dajet, 2007]
A mi-chemin entre le 3D-VAR et le 4D-VAR, il est possible d’e´tablir une me´thode qui
prend en compte non pas une seule mesure a` l’instant t mais un ensemble de mesures
effectue´es dans une feneˆtre temporelle. Cette me´thode se nomme 3D-FGAT (First Guess
at Appropriate Time) car on y fait l’hypothe`se que l’incre´ment est constant sur toute
la feneˆtre d’assimilation [Fisher et Andersson, 2001]. Le 3D-FGAT calcule l’e´cart entre
le mode`le et les observations au temps des observations mais propose une correction
valable sur toute la feneˆtre d’assimilation contrairement au 4D-VAR qui utilise l’adjoint
du mode`le.
L’ope´rateur d’observation Hi est line´arise´ au premier ordre au voisinage de l’e´bauche :
Hx ∼ Hxb +Hiδx (1.35)
La fonction couˆt prend alors en compte l’ensemble des vecteurs innovation aux diffe´rents
temps i, et peut alors s’e´crire de la fac¸on suivante en utilisant la formulation incre´mentale :
J(δx) =
1
2
(δx)TB−1(δx) +
1
2
∑
i
(di −Hiδx)TR−1i (di −Hiδx) (1.36)
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Son gradient s’e´crit alors :
∇J(δx) = B−1δx−∑
i
H∗iR
−1
i (di −Hiδx) (1.37)
L’incre´ment obtenu lors de la minimisation est alors ajoute´ a` l’e´bauche, ge´ne´ralement
au de´but ou au milieu de la feneˆtre d’assimilation, puisqu’il est suppose´ constant sur la
feneˆtre. L’approximation faite dans le 3D-FGAT implique que le mode`le line´aire-tangent
vaut l’identite´. L’adjoint du mode`le line´aire-tangent n’intervient pas dans la minimisation,
bien que l’innovation soit toujours calcule´e avec le mode`le direct non-line´aire contraire-
ment au 4D-VAR, dont la formulation a e´te´ pre´sente´e dans la section pre´ce´dente. C’est
cette me´thode variationnelle qui est utilise´e dans ce travail de the`se.
1.4.4 MOCAGE-PALM
La technique d’assimilation utilise´e dans cette the`se est le 3D-FGAT qui est pilote´ par
le logiciel PALM (Projet d’Assimilation par Logiciel Multi-Me´thodes)[Buis et al., 2006].
PALM est un coupleur dynamique base´ sur un formalisme modulaire de´crivant l’algo-
rithme d’assimilation en terme de flux de donne´es entre des objets appele´s unite´s. Les
unite´s peuvent eˆtre inte´gre´es dans une chaˆıne appele´e branche. Dans le cas pre´sent, une
branche est consacre´e au mode`le et une deuxie`me branche est consacre´e au traitement
des observations (Fig. 1.10). Chaque branche utilise un nombre ajustable de processeurs
ce qui permet d’optimiser le fonctionnement paralle`le de l’application. MOCAGE-PALM
est de´veloppe´ conjointement a` Me´te´o-France, au CERFACS et au Laboratoire d’Ae´rologie
avec le soutien d’Ether et du LEFE (projets ADOMOCA 1 et 2). Cette the`se pre´sente
e´galement un des premiers cas d’e´tude d’assimilation sur un domaine imbrique´ a` aire li-
mite´e. En effet, des de´veloppements spe´cifiques ont e´te´ effectue´s par le CERFACS pour
interfacer directement l’un des sous-domaines a` aire limite´e de MOCAGE avec l’assimila-
tion. L’assimilation n’a un effet direct que sur le domaine a` aire limite´e ou` l’on assimile des
donne´es mais impacte indirectement les autres domaines au travers du couplage remontant
(le couplage est bidirectionnel dans MOCAGE : “two-ways nesting”) et ulte´rieurement,
par le transport.
[Massart et al., 2005 2007] pre´sentent de manie`re de´taille´e les e´le´ments de la me´thode du
3D-FGAT applique´e a` l’ozone stratosphe´rique. MOCAGE-PALM a e´galement e´te´ utilise´
dans diffe´rentes e´tudes de l’atmosphe`re en relation avec le trou d’ozone du vortex polaire
Arctique [El Amraoui et al., 2008b], les e´changes entre tropiques et moyennes latitudes
[Bencherif et al., 2007], les e´changes entre stratosphe`re et troposphe`re [Semane et al.,
2007], et les e´changes entre le vortex polaire et les moyennes latitudes [El Amraoui et al.,
2008b]. Deux e´tudes ont e´galement e´te´ faites en utilisant l’ozone [Massart et al., 2009]
et l’acide nitrique de IASI [Ricaud et al., 2009]. Plus re´cemment, une e´tude a` laquelle
ces travaux de the`se ont contribue´ [El Amraoui et al., 2010], a permis de diagnostiquer
une foliation de tropopause par assimilation du CO mesure´ par MOPITT (Measurements
Of Pollution In The Troposphere) dans la troposphe`re et de l’Ozone mesure´ par MLS
(Microwave Limb Sounder) dans la stratosphe`re (cf Annexe). Cette e´tude a montre´ que
l’utilisation de mesures troposphe´riques de CO permettait de mieux repre´senter dans le
mode`le MOCAGE, une foliation de tropopause montrant ainsi un air sec et pauvre en CO
descendant depuis la stratosphe`re. De meˆme l’assimilation des mesures d’ozone de MLS a
permis de mieux repre´senter l’air sec et riche en ozone descendant de la stratosphe`re vers
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la troposphe`re. Il s’agit d’une e´tape importante dans l’e´tude des e´changes stratosphe`re-
troposhe`re, de´montrant tout l’inte´reˆt des techniques d’assimilation de donne´es en chimie
atmosphe´rique.
Fig. 1.10 – Interface graphique de PALM extrait de l’algorithme 3D-FGAT de MOCA-
GE-PALM. Ce sche´ma repre´sente symboliquement l’ensemble des e´changes de donne´es
entre les diffe´rents modules qui constituent la technique d’assimilation imple´mente´e.
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Ce chapitre s’appuie sur l’article Claeyman et al. [2010a], publie´ en juillet 2010 dans
la revue Atmospheric Chemistry and Physics.
M. Claeyman, J.-L. Attie´, L. El Amraoui, D. Cariolle, V.-H. Peuch, H. Teysse`dre, B. Josse,
P. Ricaud, S. Massart, A. Piacentini, J.-P. Cammas, N. J. Livesey, H. C. Pumphrey et D.
P. Edwards : A linear CO chemistry parameterization in a chemistry-transport model :
evaluation and application to data assimilation. Atmos. Chem. Phys., 10, 6097–6115,
2010.
Une synthe`se en franc¸ais est de´veloppe´e dans la section 2.1, puis le texte inte´gral de
l’article en anglais est introduit dans la section 2.2. La section 2.3 pre´sente des travaux
comple´mentaires re´alise´s pour diagnostiquer les biais observe´s dans le sche´ma line´aire.
Enfin la section 2.4 pre´sente les perspectives de l’e´tude.
2.1 Re´sume´ long de l’article 1
Le monoxyde de carbone (CO) joue un roˆle important dans la chimie troposphe´rique : il
s’agit d’un des principaux polluants e´mis par les processus de combustion. Il est e´galement
l’un des pre´curseurs de l’ozone (O3) et il impacte donc la production de l’O3 troposphe´rique.
Son principal puits est le radical hydroxyle [Thompson, 1992]. Il s’agit d’un polluant pri-
maire qui se forme lors de la combustion incomple`te de matie`re organique. Les principales
sources de combustion de biomasse a` l’e´chelle du globe sont situe´es en Afrique centrale et
du sud, en Ame´rique du Sud et au nord de l’Australie. Son temps de vie, de l’ordre de 1
a` 2 mois dans la troposphe`re, lui permet d’eˆtre un excellent traceur de pollutions (feux,
transports, industries...). De nombreuses e´tudes re´alise´es avec le CO ont permis de mieux
caracte´riser le transport de longue distance et la pollution intercontinentale [e.g, Sinha
et al., 2004; Freitas et al., 2005; Pradier et al., 2006; Edwards et al., 2006].
Ces e´tudes sont souvent base´es sur des simulations par des mode`les de chimie trans-
port couˆteux en temps de calcul en raison du nombre important d’espe`ces et de re´actions
ne´cessaires a` la mode´lisation de la chimie atmosphe´rique. En effet, afin de mode´liser les
concentrations de CO, il est ne´cessaire de connaˆıtre les concentrations du principal puits
chimique du CO, le radical hydroxyle (OH), dont les concentrations de´pendent de l’O3 et
de ses pre´curseurs : les oxydes d’azote et les compose´s organiques volatils.
Dans les anne´es 1980, un premier sche´ma line´aire pour l’O3 stratosphe´rique a e´te´
de´veloppe´ par Cariolle et De´que´ [1986]. Ce sche´ma pre´sente une chimie tre`s simplifie´e
base´e sur une line´arisation de l’e´quation de continuite´ de l’O3 en se´rie de Taylor du pre-
mier ordre autour des valeurs locales d’O3 et de tempe´rature. Ce sche´ma est de´ja` largement
utilise´ dans les mode`les tels que ARPEGE-Climat [De´que´ et al., 1994], dans les re´analyses
ERA–40 [Oikonomou et O ’Neill, 2006] et dans le mode`le du Centre Europe´en de Pre´vision
Me´te´orologique a` Moyen Terme (ECMWF en anglais), [Andersson et al., 2003]. Ce sche´ma,
mis a` jour par Cariolle et Teysse`dre [2007] permet de mode´liser les concentrations d’O3 et
ainsi l’impact radiatif des variations de l’O3 sur le syste`me climatique [e.g, Eyring et al.,
2006]. Dans les anne´es 2000, plusieurs sche´mas line´aires ont vu le jour tel que ceux de
McLinden et al. [2000]; McCormack et al. [2004 2006]. Ces sche´mas ont e´te´ e´value´s par
Geer et al. [2007] dans un syste`me d’assimilation troposphe´rique-stratosphe´rique. En ef-
fet, l’inte´reˆt majeur de tels sche´mas est leur facilite´ d’imple´mentation et leur faible couˆt
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en temps de calcul qui permet des simulations et assimilations de donne´es sur de longues
pe´riodes [e.g, Hadjinicolaou et al., 2005; Semane et al., 2007]. L’assimilation de donne´es
permet en effet de compenser les de´fauts de tels sche´mas tre`s simplifie´s, mais qui restent
de qualite´ suffisante pour fournir des e´bauches bien adapte´es a` chaque nouvelle e´tape
d’assimilation.
Dans ce chapitre, est pre´sente´e une e´valuation d’un nouveau sche´ma line´aire pour
le CO (qu’on appellera par la suite LINCO) pour la troposphe`re et la stratosphe`re. Ce
sche´ma est base´ sur une approximation du premier ordre de l’e´quation de continuite´ du
CO, similaire a` l’approche employe´e par Cariolle et De´que´ [1986] pour l’O3. A la diffe´rence
du sche´ma pour l’ozone stratosphe´rique, les e´missions et de´poˆts sont pris en compte dans
LINCO de la meˆme fac¸on que pour un sche´ma de´taille´ (e´mission, de´poˆt sec et humide...) :
les e´missions sont en effet un terme majeur de l’e´volution temporelle pour le CO. LINCO
a e´te´ imple´mente´ dans le mode`le de chimie-transport de Me´te´o-France (MOCAGE).
Dans une premie`re partie, une simulation utilisant LINCO d’un an et demi a e´te´ com-
pare´e a` une simulation avec le sche´ma complet RACMOBUS, a` des observations satellites
troposphe´riques (Measurements Of Pollution In The Troposphere : MOPITT) et stra-
tosphe´riques (Microwave Limb Sounder : MLS), et a` des observations in situ ae´roporte´es
(Measurements of ozone and water vapour by Airbus in-service aircraft : MOZAIC). Dans
la troposphe`re, un bon accord est ge´ne´ralement observe´ entre LINCO, RACMOBUS et
MOPITT. En particulier, LINCO repre´sente bien les variations saisonnie`res, les distri-
butions horizontales et verticales des concentrations de CO. Cependant un biais ne´gatif
global est observe´ entre LINCO et RACMOBUS (∼ 25 ppbv) et entre LINCO et MOPITT
(∼ 40 ppbv) dans la basse troposphe`re, RACMOBUS e´tant plus proche de MOPITT que
LINCO mais le´ge`rement plus faible. Ce biais est lie´ a` une destruction du CO par LINCO
un peu trop forte en l’e´tat pre´sent ; nous verrons dans la section 2.3 qu’il est possible de
re´gler les coefficients afin de diminuer ce biais. Dans la stratosphe`re, LINCO repre´sente
bien le gradient vertical et latitudinal de CO pour des pressions supe´rieures a` 70 hPa
en comparaison a` MLS, excepte´ aux poˆles, ou` LINCO sous-estime les concentrations de
CO. Il est sugge´re´ dans cette e´tude que cette sous-estimation est lie´e a` une circulation
me´ridienne trop rapide, phe´nome`ne de´ja` observe´ avec MOCAGE par Teysse`dre et al.
[2007]. Dans la haute troposphe`re basse stratosphe`re (UTLS en anglais), LINCO et MO-
ZAIC sont e´galement en bon accord avec des biais infe´rieurs a` 2% et une corre´lation de
0.7 a` 250 hPa d’altitude.
Dans une deuxie`me partie, compte tenu du faible couˆt du sche´ma line´aire, les donne´es
MOPITT de CO ont e´te´ assimile´es dans MOCAGE-LINCO sur une pe´riode d’un an et
demi en utilisant la me´thode variationnelle : 3D-FGAT (First Guess at Appropriate Time).
Cette simulation est de´nomme´e par la suite MOPan. L’assimilation de donne´es MOPITT
ame´liore conside´rablement les distributions verticales de CO de 700 a` 350 hPa par com-
paraison aux profils ae´roporte´s issus du programme MOZAIC au dessus des ae´roports.
Le biais observe´ dans la troposphe`re dans LINCO est notamment re´duit. A 146 hPa, le
biais observe´ aux tropiques entre les distributions horizontales de MLS et de LINCO est
re´duit d’un facteur deux entre MLS et MOPan. Aux latitudes extratropicales, MOPan
sous-estime les concentrations de CO par rapport a` MLS. Cependant, en raison du plus
faible nombre de donne´es MOPITT, l’assimilation corrige de manie`re moins efficace le
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biais observe´ dans LINCO a` ces latitudes extratropicales.
Cette e´tude montre que le sche´ma line´aire pour le CO est capable de bien repre´senter
les distributions de CO dans la troposphe`re et dans la stratosphe`re. Meˆme si un biais
ne´gatif est observe´ dans la troposphe`re, l’assimilation de donne´es MOPITT montre que le
syste`me est capable rapidement de corriger ce biais. L’avantage principal de ce sche´ma est
son faible couˆt en temps de calcul, e´quivalent a` celui d’un traceur. Ceci permet d’envisager
des simulations et des assimilations sur de longues pe´riodes de plusieurs anne´es, et a` des
re´solutions horizontales e´leve´es pour profiter aux mieux de la haute re´solution horizon-
tale des satellites au nadir tel que MOPITT ou IASI (Interfe´rome`tre Atmosphe´rique de
Sondage Infrarouge).
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2.2 Article 1 - A linear CO chemistry parameteriza-
tion in a chemistry-transport model : evaluation
and application to data assimilation
Abstract
This paper presents an evaluation of a new linear parameterization valid for the tropos-
phere and the stratosphere, based on a first order approximation of the carbon monoxide
(CO) continuity equation. This linear scheme (hereinafter noted LINCO) has been im-
plemented in the 3D Chemical Transport Model (CTM) MOCAGE (MOde`le de Chimie
Atmospherique a` Grande Echelle). First, a one and a half years of LINCO simulation
has been compared to output obtained from a detailed chemical scheme output. The mean
differences between both schemes are about  25 ppbv (part per billion by volume) or 15%
in the troposphere and  10 ppbv or 100% in the stratosphere. Second, LINCO has been
compared to diverse observations from satellite instruments covering the troposphere (Mea-
surements Of Pollution In The Troposphere : MOPITT) and the stratosphere (Microwave
Limb Sounder : MLS) and also from aircraft (Measurements of ozone and water vapour by
Airbus in-service aircraft : MOZAIC programme) mostly flying in the upper troposphere
and lower stratosphere (UTLS). In the troposphere, the LINCO seasonal variations as well
as the vertical and horizontal distributions are quite close to MOPITT CO observations.
However, a bias of ∼ -40 ppbv is observed at 700 hPa between LINCO and MOPITT.
In the stratosphere, MLS and LINCO present similar large-scale patterns, except over the
poles where the CO concentration is underestimated by the model. In the UTLS, LINCO
presents small biases less than 2% compared to independent MOZAIC profiles. Third,
we assimilated MOPITT CO using a variational 3D-FGAT (First Guess at Appropriate
Time) method in conjunction with MOCAGE for a long run of one and a half years. The
data assimilation greatly improves the vertical CO distribution in the troposphere from
700 to 350 hPa compared to independent MOZAIC profiles. At 146 hPa, the assimilated
CO distribution is also improved compared to MLS observations by reducing the bias up to
a factor of 2 in the tropics. This study confirms that the linear scheme is able to simulate
reasonably well the CO distribution in the troposphere and in the lower stratosphere. The-
refore, the low computing cost of the linear scheme opens new perspectives to make free
runs and CO data assimilation runs at high resolution and over periods of several years.
2.2.1 Introduction
Carbon monoxide (CO) plays an important role in tropospheric chemistry and is
one of the main pollutants in the atmosphere. It has also an important impact on the
chemical production of tropospheric ozone (O3) and thereby on climate change [e.g.,
Stevenson et al., 2006]. Its main sink is the reaction with the hydroxyl radical (OH)
[Thompson, 1992]. The biomass burning of natural vegetation is a significant global source
of CO especially with hot spots in Central and South Africa, in South America and in
northern Australia, along with photochemical production. Its lifetime of 1-2 months in the
troposphere , and its important source emissions (industries, transport, biomass burning)
make CO a good tracer of pollution which is indicative of incomplete combustion. It
also enables the tracking of long-distance airmass transport [Stohl et al., 2002; Staudt
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et al., 2001]. Various studies have been carried out to characterize transport over polluted
continents such as South America [e.g., Pickering et al., 1996; Freitas et al., 2005], Asia
[e.g., Li et al., 2005] or Africa [e.g., Sinha et al., 2004; Guan et al., 2008].
Chemistry Transport Models (CTMs) at global scale are used for a better understan-
ding of global atmospheric chemistry since they provide 4–D fields of chemical species.
Several tens of species and hundreds of reactions are required to adequately model the
chemical production and loss rates of the major active species. For example, O3 encoun-
ters different regimes in the troposphere and in the stratosphere. In the troposphere, O3
production consists of oxidation reactions between OH and some trace gas constituents
in the presence of nitrogen oxides ; whereas in the stratosphere, it is produced by a cycle
initiated by photolysis of oxygen and destroyed by reactions involving nitrogen oxides,
chlorine and bromine species.
Such complete schemes require a large amount of computing time which can put li-
mitations on the model resolutions or on the duration of the feasible simulations. That
is why linear ozone parameterizations have been developed for upper tropospheric and
stratospheric studies, where only major ingredients of the atmospheric chemistry are ta-
ken into account (temperature and ozone amount). For example, the scheme developed by
Cariolle et De´que´ [1986] computes the ozone chemistry trend around a long state equili-
brum defined by O3 and temperature. This parameterization has been recently updated by
Cariolle et Teysse`dre [2007] and is widely used in many models, such as the ARPEGE–
Climat (Action de Recherche Petite Echelle Grande Echelle) general circulation model
[De´que´ et al., 1994], and the European Centre for Medium-Range Weather Forecasting
(ECMWF) model [Andersson et al., 2003] for operational forecasts and the ERA40 reana-
lysis project [Oikonomou et O ’Neill, 2006]. Several linear ozone parameterizations [e.g.,
McLinden et al., 2000; McCormack et al., 2004 2006] were validated by Geer et al. [2007]
using data assimilation in a stratosphere-troposphere model. Even if the computing capa-
bilities have increased, linear parameterizations are useful. These parameterizations may
avoid the impact of mis-specified or poorly-known chemical species. By construction, such
schemes have no intrinsic trend and then are useful for simulations of several years [e.g.,
Hadjinicolaou et al., 2005] and data assimilation [e.g., Semane et al., 2007; Massart et al.,
2009].
In addition to their representation of chemical processes, CTMs may present deficien-
cies due to approximations in dynamic processes and in emission inventory. Chemical data
assimilation can be used to overcome these deficiencies. It consists of providing consistent
chemical species 4-D fields by combining in an optimal way observations and model fields
[e.g., Lahoz et al., 2007; El Amraoui et al., 2004; Semane et al., 2009]. These fields are
well suited for the study of transport processes and budget analyses in the troposphere
[Pradier et al., 2006], in the stratosphere [El Amraoui et al., 2008b] or in the Upper
Troposphere-Lower Stratosphere (UTLS) [Barret et al., 2008]. Because chemical linear
schemes produce minimal computing cost and relative good quality of simulated fields, it
is then possible to perform data assimilation over periods of several years.
The purpose of this paper is to present a new linear parameterization of the CO che-
mical distribution for the troposphere and the stratosphere, which makes possible long
model runs and data assimilation. The parameterization is based on a linearization of the
CO tendencies around an equilibrium state, which has been derived from a 2-D photo-
chemical model similarly to the approach used for ozone [Cariolle et De´que´, 1986]. This
parameterization is well suited for CO which has a relatively simple chemistry. The CO
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linear scheme has been implemented into the Me´te´o-France transport chemical model
MOCAGE (MOde`le de Chimie Atmospherique a` Grande Echelle), [Peuch et al., 1999]. A
free model simulation forced by the ARPEGE meteorological analyses has been perfor-
med. A comparison of the model CO outputs with various observational datasets is done
for a one and half year period from December 2003 to July 2005. In the stratosphere,
the model results are compared to the space-borne Microwave Limb Sounder (MLS) ob-
servations. In the troposphere, comparisons are made using the space-borne MOPITT
(Measurements Of Pollution In The Troposphere) observations and the in situ measu-
rements from MOZAIC (Measurements of ozone and water vapour by Airbus in-service
aircraft) programme. We also compare the performances of the linear scheme to a detai-
led chemical scheme, RACMOBUS [Dufour et al., 2004]. Besides, the CO linear scheme is
used within the MOCAGE-PALM assimilation system [Massart et al., 2005] in order to
assimilate the MOPITT CO data during the same period of study (from December 2003
to July 2005). Detailed comparisons of the CO analyses with independent MOZAIC and
MLS CO observations are reported in order to validate the experiment.
This paper is organized as follows. In section 2.2.2, we describe the CO linear pa-
rameterization, the CTM model, the data assimilation system employed as well as the
different datasets used in this study. In section 2.2.3, we discuss the results obtained for
the validation of the free run with the linear CO chemical scheme. Section 2.2.4 presents
and validates the analyses of one year of MOPITT CO data assimilation. Lastly, summary
and conclusions are presented in section 2.2.5.
2.2.2 Model and data descriptions
2.2.2.1 The linear carbon monoxide chemical scheme
The new linear scheme for the computation of the CO chemical tendencies relies on a
methodology similar to the approach developed by Cariolle et De´que´ [1986] and updated
by Cariolle et Teysse`dre [2007] for stratospheric ozone. The CO continuity equation is
expanded into a Taylor series up to the first order around the local value of the CO
mixing ratio rCO and the temperature T :
∂rCO/∂t = A1 + A2(rCO − A3) + A4(T − A5) (2.1)
where the Ai terms are monthly averages calculated using the 2D photochemical model
MOBIDIC (MOde`le BIDImensionnel de Chimie)[Cariolle et al., 2008] :
A1 = (P − L) : production minus loss rate of CO
A2 = ∂(P − L)/∂rCO : zonal net variation of (P -L) due to rCO variations
A3 = rCO : CO zonal mixing ratio
A4 = ∂(P − L)/∂T : zonal net variation of (P -L) due to T variations
A5 = T : zonal mean temperature
with P and L being the CO production and loss terms, respectively.
The partial derivatives A2 and A4 in Eq. (1) are obtained by perturbing the 2D model
fields by ±10% for the CO mixing ratio and by ±10 K for temperature, respectively.
For each month, a set of zonal mean coefficients is obtained. To test the accuracy of the
linearity of the system, we have applied perturbations (up to ±30% for CO and ±20 K
for temperature), and have found very small deviations in the calculated Ai.
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A3 : CO (ppbv) January A1 : P-L(*1e2) (ppbv/days) January
(a) (b)
-1/A2 : (days) January
(c)
Fig. 2.1 – (a) Background CO distribution in parts per billion by volume (ppbv), (b)
net photochemical rate (ppbv/days) and (c) photochemical relaxation time (days) as a
function of altitude and latitude for the month of January.
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Figure 1a shows the A3 term for the month of January. It represents the zonal mean
distribution of CO from the MOBIDIC model. This CO distribution is characterized by
larger mixing ratios within the range of 100-130 ppbv (part per billion by volume) in the
troposphere of Northern Hemisphere (NH) and in the lower tropical troposphere. Large
vertical gradients are observed near the UTLS region with mixing ratios below 30 ppbv
in the lower stratosphere. This CO distribution is comparable to current measurements
[e.g., Edwards et al., 2003].
The A1 term in Figure 1b gives the chemical tendencies needed to balance those due
to transport and surface emissions of CO. As expected, this term is negative and large
at the equator in the lower troposphere in the presence of large biomass burning and
anthropogenic emissions, and rapid vertical transport by the rising branch of the mean
meridional circulation and by convection.
The photochemical relaxation time of CO, is given by τ = −1/A2 (Figure 1c). Since
the CO lifetime is mainly controlled by its reaction with OH, the distribution of τ is
closely linked to the OH concentrations. The lowest values of τ , less than 30 days, are
found in the equatorial lower troposphere, and in the middle stratosphere outside of the
polar vortex (90 S–60 N). From the surface up to the tropopause, the CO relaxation time
increases to reach a relative maximum of about 100 days at the equator. At summertime
in southern latitudes (90 S–50 S) τ increases to values up to one year in the UTLS. At
high latitudes in the NH from 0 to 30 km, τ tends to infinity and CO becomes an inert
tracer. Note that for implementation within global models, the CO parameterization is
complemented with surface emissions and deposition in a similar way to what is done
when a detailed chemical scheme is used (see section 2.2.2.2).
2.2.2.2 MOCAGE-PALM
MOCAGE is a three-dimensional chemistry transport model for the troposphere and
stratosphere [Peuch et al., 1999] which simulates interactions between dynamical, physical
and chemical processes. MOCAGE uses hybrid vertical levels from the surface up to 5 hPa
with a resolution of about 150 m in the lower troposphere (40 m near the surface) and up
to 800 m in the lower stratosphere. Hybrid vertical levels are designed so that lowermost
levels follow the terrain while upper levels are isobaric. The version of MOCAGE used
in this study has an horizontal resolution of 2 ◦x 2 ◦ over the globe and uses a semi-
Lagrangian advection scheme [e.g., Josse et al., 2004] to transport the chemical species.
Turbulent diffusion is calculated with the scheme of Louis [1979] and convective processes
with the scheme of Bechtold et al. [2001]. The meteorological analyses of Me´te´o-France,
ARPEGE [Courtier et al., 1991] were used to force the dynamics of the model every
6 hours.
The linear scheme is compared to the detailed scheme of MOCAGE, RACMOBUS which
is a combination of the stratospheric scheme REPROBUS [Lefe`vre et al., 1994] and of
the tropospheric scheme RACM [Stockwell et al., 1997]. It includes 119 individual species
with 89 prognostic variables and 372 chemical reactions. The simulations presented here
use the emissions inventory from Dentener et al. [2005]. For CO, emissions are given
as a monthly mean for biomass burning and a yearly mean for others. Emission rates
and deposition velocities are computed externally [Michou et Peuch, 2002] and taken
into account in MOCAGE. The dry deposition scheme is based upon the Wesely [1989]
scheme. The wet deposition is parameterized for stratiform and convective clouds [Giorgi
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et Chameides, 1986; Mari et al., 2000] and validated in Michou et al. [2004]. MOCAGE is
used for several applications : operational chemical weather forecasting in Me´te´o-France
[Dufour et al., 2004] and data assimilation research [e.g., El Amraoui et al., 2008b;
Semane et al., 2009]. A detailed validation of the model has been done using a large
number of measurements during the Intercontinental Transport of Ozone and Precursors
(ICARTT/ITOP) campaign [Bousserez et al., 2007]. Its climate version has also been
validated over several years by Teysse`dre et al. [2007].
In addition, we used the assimilation system MOCAGE-PALM [Massart et al., 2005].
The assimilation module is PALM [Buis et al., 2006] within which is implemented the 3D-
FGAT (First Guess at Appropriate Time) assimilation technique [Fisher et Andersson,
2001]. This technique is a compromise between the 3D-Var and the 4D-Var. It has been
validated during the assimilation of ENVISAT data project (ASSET) and has producted
good quality results compared to independent data and many other assimilation systems
[Geer et al., 2006]. Details on the method and on the assimilation system can be found in
Massart et al. [2005], Massart et al. [2007] and El Amraoui et al. [2010].
2.2.2.3 The Measurements
MOPITT
The MOPITT (Measurements Of Pollution In The Troposphere) instrument is a nadir
infrared correlation radiometer onboard the NASA Terra Satellite [Drummond et Mand,
1996a]. It has been monitoring CO from March 2000 to date. It provides global coverage
in about 3 days. The pixel size is 22 km x 22 km and the vertical profiles are retrieved
on 7 pressure levels (surface, 850, 700, 500, 350, 250 and 150 hPa). The maximum a
posteriori algorithm [Deeter et al., 2003] is used to retrieve CO from MOPITT measured
radiances. It is a statistical combination of the measurement and the a priori information
based on an optimal estimation method [Rodgers, 2000]. The retrieved profiles are cha-
racterized by their averaging kernel matrix, which indicates the sensivity of the MOPITT
measurements to the true CO profile. In this study, we select MOPITT CO (Version 3)
retrieved profiles with less than 40% a priori contamination to ensure good quality of
dataset validation [Emmons et al., 2009]. The accuracy of MOPITT CO retrieved profiles
is assumed to be less than 20 ppbv for all of the 7 levels according to Emmons et al. [2004].
MLS
The Microwave Limb Sounder (MLS) [Waters et al., 2006] onboard the Aura spacecraft
was launched on July 15th, 2004 and placed into a near-polar Earth orbit at ∼705 km with
an inclination of 98◦ and an ascending mode at 13 :45 hours. It orbits the Earth around
14 times per day and provides dense spatial coverage for a limb sounder with daily 3500
profiles, between 82◦N and 82◦S. MLS observes thermal microwave emission from Ear-
th’s limb in five spectral regions from 118 GHz to 2.5 THz. The MLS CO measurements
are made in the 240 GHz region. The optimal estimation method is used to retrieve CO
profiles [Rodgers, 2000]. The retrieval grid has 6 levels per pressure decade for altitudes
below 0.1 hPa and 3 levels per pressure decade above this. The MLS CO level 2 products
used in this paper are produced by version 2.2 of the data processing algorithms. The
vertical resolution of MLS CO retrieved profiles is about 3–4 km in the stratosphere and
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the horizontal resolution is between 500 km for lower stratospheric levels and 300 km for
upper stratospheric levels. Data are selected according to quality flag criteria presented
in Livesey et al. [2007]. In the version used in this study, the impact of extra terrestrial
signals generated by the Milky Way and affecting the terrestrial CO retrieval mainly at
22 hPa for some specific days of year and latitudes has been eliminated according to
Pumphrey et al. [2009]. The MLS CO data set was validated by Livesey et al. [2008]
for the upper troposphere and lower stratosphere and by Pumphrey et al. [2007] for the
stratosphere and the mesosphere where the accuracy was estimated to be 30 ppbv for
pressures of 147 hPa and less.
MOZAIC
The MOZAIC (Measurements of ozone and water vapour by Airbus in-service aircraft)
programme [Marenco et al., 1998] was launched in January 1993. The project results from
the collaboration of the aeronautics industry, airline carriers, and research laboratories.
Measurements started in August 1994, with the installation of ozone and water vapor
sensors aboard five commercial aircrafts. In 2001, the instrumentation was upgraded by
installing CO sensors on all aircrafts. For the measurement of CO, the IR gas filter corre-
lation technique is employed (Thermo Environmental Instruments, Model 48CTL). This
IR instrument provides excellent stability, which is important for continuous operation
without frequent maintenance. The sensitivity of the instrument was improved by seve-
ral modifications [Ne´de´lec et al., 2003], achieving a precision of 5 ppbv or 5% for a 30 s
response time. The majority of these flights are in the NH and connect Europe, North
America and eastern Asia, but also include flights to South America and Africa. About
90% of the MOZAIC measurements are made at cruise altitude, between 9 and 12 km.
The remaining measurements are performed during ascent and descent phases. A com-
plete description of the MOZAIC programme may be found at http ://mozaic.aero.obs-
mip.fr/web/ and in the IGAC Newsletters [Cammas et Volz-Thomas, 2007]. We selected
MOZAIC data from flights over Europe, North America and Eastern Asia.
2.2.3 Evaluation of the linear CO chemical scheme
In order to evaluate the linear CO chemical scheme, two MOCAGE simulations have
been made in the period between December 1st, 2003 and July 1st, 2005. The first one
(hereinafter referred to as LINCO) used the linear CO parameterization and the second
one used the detailed chemical scheme RACMOBUS. All the other model components are
kept the same : in particular, they both used the same atmospheric forcing from ARPEGE
analysis and the same emission inventory. The simulated field for December 1st, 2003 has
been obtained from a free run with RACMOBUS started from the October climatological
initial field. Independent observations are used to evaluate LINCO : measurements from
MOPITT in the troposphere, MLS in the stratosphere and MOZAIC in the UTLS.
2.2.3.1 Comparison with the detailed chemical scheme RACMOBUS
In this section, we evaluate the effect of CO chemistry representation in the model
(detailed or linearized), by comparing two simulations. Both RACMOBUS and LINCO
use the same model components (e.g., transport, atmospheric processes and emissions). In
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Fig. 2.2 – LINCO (left) and RACMOBUS (right) zonal mean of CO in parts per billion by
volume (ppbv) from December 2003 to June 2005 at 150 hPa (top) and 850 hPa (middle).
Corresponding relative differences (LINCO-RACMOBUS)/RACMOBUS x100 in % are
plotted at bottom at 150 hPa (left) and 850 hPa (right).
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Fig. 2.3 – Zonal monthly mean of CO from LINCO and RACMOBUS in parts per billion
by volume (ppbv) and difference (LINCO-RACMOBUS) (ppbv) on July 2004 (top) and
January 2005 (bottom). The isolines correspond to the relative difference of LINCO and
RACMOBUS (LINCO-RACMOBUS)/RACMOBUS x100 in %.
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Figure 2.2, we present the temporal evolution of the CO zonal mean obtained from LINCO
and RACMOBUS for the period from December 2003 to June 2005 at the pressure levels
850 and 150 hPa, in the lowermost and uppermost troposphere respectively. Qualitatively,
the two schemes behave similarly with differences between schemes of about ±20 %, never
exceeding ±40 %. However, at the beginning of the period, LINCO concentrations tend to
be higher than RACMOBUS CO concentrations whereas elsewhere, the opposite behavior
is observed at both pressure levels : RACMOBUS CO concentrations are higher. The
differences between both schemes are lower in the NH than in Southern Hemisphere (SH).
Note that the schemes have different approaches. On the one hand, RACMOBUS is a
detailed chemical scheme for which CO is interdependent with other species, particularly
the hydroxyl radical (OH). On the other hand, the CO concentration from LINCO is
controlled by fixed zonal coefficients based on 2D model outputs (see section 2.2.2.1).
Figure 2.3 presents CO zonal means obtained from LINCO and RACMOBUS for two
specific months (July 2004 and January 2005) representative of NH summer and winter,
respectively. Both chemical schemes have similar patterns with small differences. The dis-
tribution of CO from both schemes reproduces the impact of African biomass burning
emissions in the tropics. In the same way, the two schemes capture the mesospheric sub-
sidence of CO within the stratospheric polar vortex (latitudes poleward of 60◦) evidenced
by high CO concentrations between 25 and 30 km. For both months, concentrations in
LINCO are lower than those in RACMOBUS in the troposphere but the differences do
not exceed ∼25 ppbv (∼35%). The maxima of the difference between both schemes in
the troposphere, are located in the region with the intense convective activity, namely the
inter-tropical convergence zone.
The negative bias observed in the troposphere between RACMOBUS and LINCO may
come from 4 causes. The first hypothesis could be a negative bias between RACMOBUS
average values and the A3 coefficient which would lead LINCO to relax towards too
low CO concentrations. Figure 2.1.a and Figure 2.3 show that the opposite is actually
observed : the A3 coefficient is larger than RACMOBUS and, on the contrary, A3 tends
to increase the concentrations in LINCO. The second hypothesis is a bias between the
A5 LINCO coefficient and the ARPEGE temperature analyses used in MOCAGE. The
comparison of these two terms shows that the differences are of the order of 1K and the
A4 coefficient values are small in the troposphere, leading to a small contribution of the
temperature term A4(T-A5) in comparison to the other coefficients. The third hypothesis is
an inconsistency between the production minus loss rate (A1 coefficient) and the transport
in MOCAGE since the MOCAGE and MOBIDIC models are different : the first one is
a 3D CTM and the second is a 2D photochemical model. The fourth hypothesis comes
from the different emission representations of MOBIDIC and MOCAGE. MOCAGE uses
an emission inventory whereas MOBIDIC is relaxed to a climatology at the surface. This
could introduce a too strong destruction of CO in the LINCO scheme. Moreover, the
approach developed for the LINCO scheme is slightly different from that of the linear
ozone scheme [Cariolle et De´que´, 1986] in the sense that for LINCO, the emissions are
taken into account whereas for linear ozone there are no emissions. Consequently, the
‘production – loss’ term (A1) should also be balanced with the emissions.
The three first hypotheses have already been studied in the context of linear ozone
schemes [e.g. McCormack et al., 2006; Coy et al., 2007; Geer et al., 2007] whereas the
emission effect in the LINCO scheme is something entirely new. To confirm an inconsis-
tency in the A1 coefficient, we made a sensitive test (not shown) by increasing the A1
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coefficient of LINCO. This test shows that by changing arbitrarily the A1 coefficient, the
bias between LINCO and RACMOBUS can be reduced in the troposphere. However, the
A1 LINCO coefficient is not anymore consistent with the chemistry and physics of the
other coefficients calculated with MOBIDIC. Furthermore, the CO interannual variability
is typically of 10-20 % in the free troposphere, and nothing indicates that the tuning
for a specific period could improve results for integrations of several years. Therefore, we
decided to keep the set of coefficients calculated with MOBIDIC in the next sections.
In the stratosphere, LINCO concentrations are higher than RACMOBUS except bet-
ween 70◦S and 90◦S in July 2004 and between 60◦N and 90◦N in January 2005. In these
regions, LINCO underestimates the CO concentration of the mesospheric descent com-
pared to RACMOBUS. The absolute difference in the stratosphere is about ∼15ppbv
(∼200%). Note that CO concentrations are generally very low in RACMOBUS in the
stratosphere compared to LINCO, which explains such high relative differences between
both schemes in the stratosphere. The positive bias observed between RACMOBUS and
LINCO may be explained by the positive bias between the A3 LINCO coefficient (Figure
2.1.a) and RACMOBUS (Figures 2.3) in the stratosphere which relax LINCO concen-
trations to higher values. Moreover, the production minus loss rate in the stratosphere
(Figure 2.1.b, A1 coefficient) is positive which may also contribute to the positive bias
between RACMOBUS and LINCO.
In the following sections, we evaluate the LINCO fields in comparison to independent
data from satellites and in situ measurements.
2.2.3.2 Comparison with satellite data in the troposphere
Figure 2.4 shows the time evolution of CO from December 2003 to June 2005 as
obtained by LINCO, RACMOBUS and MOPITT measurements at 700 and 250 hPa in
the NH and SH. Note that modeled CO fields have been smoothed by MOPITT averaging
kernels in order to take into account the vertical resolution and the a priori information
used in the retrieval process of the V3 MOPITT product. At 700 hPa (Figure 2.4c and
2.4d), the seasonal CO variations are fairly well represented by both chemical schemes
showing a maximum in April in the NH and a maximum in October in the SH. April
maximum in the NH is due to the very weak sunshine during winter and correspondingly
less destruction of CO by OH leading to the buildup of CO because of its long lifetime.
In addition, in the SH, this period corresponds to an intense biomass burning activity in
South Africa and later on in Australia [Edwards et al., 2006]. However, the LINCO scheme
presents lower concentrations than RACMOBUS and MOPITT in both hemispheres. As
already explained in the section 2.2.3.1, this suggests a larger destruction of CO in LINCO
compared to RACMOBUS and MOPITT retrievals. The bias between MOPITT and
LINCO is about 30-40 ppbv in the NH and 20-30 ppbv in the SH. However, LINCO
follows very well the variations seen in MOPITT CO retrievals with a constant bias.
RACMOBUS scheme seems to have a better CO time evolution in the SH than in the
NH where emissions patterns and variability as well as photochemistry are more complex.
Even if the bias between RACMOBUS and MOPITT is very low in the SH and at 250
hPa in the NH, a negative bias between RACMOBUS and MOPITT is observed in the
NH at 700 hPa which can reach 30 ppbv. The bias between measured and modeled CO
fields also suggests that CO emissions used in the model are underestimated.
This latter point is highlighted by Figures 2.5 and 2.6 which present a comparison,
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Fig. 2.4 – CO fields in parts per billion by volume (ppbv) calculated by LINCO (black
lines) and by RACMOBUS (red lines) and retrieved from MOPITT measurements (green
lines) for NH (a) (left) and SH (b) (right) at 250 hPa (upper panel) and at 700 hPa (c)
and (d) (lower panel). Note that modeled CO fields have been smoothed by MOPITT
averaging kernels.
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Fig. 2.5 – CO fields in parts per billion by volume (ppbv) at 700 hPa calculated by
LINCO smoothed by MOPITT averaging kernels (left), MOPITT CO (ppbv) (middle)
and corresponding relative differences (%) (Model-Obs)/Obs x100 in October 2004 (upper
panels) and April 2005 (lower panels).
for the specific months of October 2004 and April 2005, between results from LINCO
and MOPITT CO retrievals at 700 and 250 hPa, respectively. MOPITT CO at 700 hPa
(Figure 2.5) shows generally high concentrations linked to intense emissions in the NH
but also in regions of SH mostly affected by biomass burning such as South America,
South Africa or Australia in October 2004. LINCO also underestimates the CO retrieved
from MOPITT measurements in April 2005 reinforcing the idea of too much destruction
of CO in the linear scheme combined with too low emissions used in CTMs as suggested
by Shindell et al. [2006] or lately by Pison et al. [2009].
Nevertheless, LINCO tends to accumulate CO over the Tibetan plateau especially in
October 2004 (Figure 2.5), which is located near populated regions with high emissions.
Li et al. [2005] suggested that the boundary layer pollution, transported by Asian summer
monsoon convection, is trapped by the Tibetan anticyclone. The model appears to ove-
restimate this accumulation compared to MOPITT data. A similar behaviour is observed
over the Tibetan plateau using RACMOBUS which confirms that this overestimation is
not linked to the LINCO chemistry but rather to transport and dynamics (common to
the two simulations). In Figure 2.6, similar remarks as in Figure 2.5 can be made, but a
smaller bias is noticed between LINCO and MOPITT CO concentrations, ∼-20% instead
of ∼-40% at 750 hPa.
64 Un sche´ma line´aire pour le monoxyde de carbone
LINCO (ppbv) MOPITT CO (ppbv) REL. DIFF. (%)
O
ct
.
20
04
A
p
r.
20
05
Fig. 2.6 – Same as Figure 5 but for 250 hPa.
2.2.3.3 Comparison with satellite data in the stratosphere
In this section, we compare the LINCO simulation with MLS CO data, in order to
evaluate the CO linear scheme in the lower stratosphere. CO fields from LINCO simulation
are smoothed by a theoretical triangular averaging kernel with the full-width at half-
maximum equal to the MLS vertical resolution according to Pumphrey et al. [2007]. This
is made to represent the contribution of the range of layers of the atmosphere for which
the satellite retrieval is sensitive. This contribution is important in the lower stratosphere
where CO vertical gradients are strong. Figure 2.7 presents the CO monthly zonal means
for the month of October 2004 and March 2005 calculated for LINCO and MLS CO.
The MLS pressure levels are selected from 146 to 14 hPa. For both months, the vertical
and latitudinal gradients of CO in the UTLS for pressures larger than 70 hPa are well
represented by the model compared to MLS CO with the same range of mixing ratios
except over the poles, where the LINCO mixing ratios are underestimated compared
to the CO observed by MLS. This may be explained by a too rapid transport of the
meridional circulation observed in ARPEGE analysis used in this study. This behaviour
has already been reported by [e.g., van Noije et al., 2004; Monge-Sanz et al., 2006] for
ECMWF reanalyses. In the same way, Teysse`dre et al. [2007] present similar behaviour
with MOCAGE (using other years of ARPEGE analyses) and show that the age of the air
is too young which suggest also a too rapid meridional transport. The mid–stratospheric
air, where CO is less concentrated, is transported downward into the lower stratosphere
too fast. It leads to smaller CO concentrations than the ones actually found by MLS in
the lower stratosphere.
Above the altitude pressure of 20 hPa, an increase of CO is observed by MLS both for
the South pole in October 2004 and for the North pole in March 2005. Jin et al. [2009]
presents the mesospheric descent observed by MLS, ACE–FTS (Atmospheric Chemistry
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Fig. 2.7 – Zonal monthly mean of CO from LINCO (left) and MLS (middle) in parts per
billion by volume (ppbv) and corresponding relative differences (LINCO-MLS)/MLS x100
(%) (right) for October 2004 (upper panel) and March 2005 (lower panel). Pressure levels
are selected from 146 to 14 hPa. Note that LINCO mixing ratios have been smoothed by
triangular MLS averaging kernels.
Experiment Fourier Transform Spectrometer onboard SCISAT–1 satellite), Odin/SMR
(Sub-Millimeter Radiometer onboard Odin satellite) and simulated by the Canadian
Middle Atmosphere Model at higher altitudes for the same period. Compared to this
study, the maximum of CO shown here above 20 hPa only corresponds to the bottom
part of the mesospheric descent. The values are underestimated by MOCAGE probably
because of the model top, namely located at 5 hPa and constrained by a zonal climatology.
Consequently, MOCAGE leads to a mis-representation of the mesospheric descent.
A positive bias is observed between MLS CO and LINCO for pressure levels between
45 and 10 hPa for both months. As explained in section 2.2.3.1, the bias may come from
the LINCO coefficients (A1 and A3) which relax to a CO climatology that is higher than
measured by MLS at these stratospheric pressure levels.
2.2.3.4 Comparison with MOZAIC aircraft data in the UTLS
To evaluate the linear scheme in the UTLS region, we compared CO from MOZAIC
aircraft data and model output interpolated on-line at flight times and locations. We ave-
raged the observations where pressures are lower than 300 hPa into boxes of 2◦x 2◦ in
order to match the model resolution. In Figure 2.8, the LINCO and the MOZAIC data
are compared for the months of October 2004 and April 2005 which correspond to CO
maxima in the SH and in the NH, respectively. In both cases, LINCO tends to overes-
timate the aircraft observations, with very low biases, less than 2%, but with a large
66 Un sche´ma line´aire pour le monoxyde de carbone
LINCO (ppbv) MOZAIC CO (ppbv) REL. DIFF. (%)
O
ct
.
20
04
A
p
r.
20
05
Fig. 2.8 – CO fields from LINCO (left) and measured by MOZAIC aircraft (center)
in parts per billion by volume (ppbv) and corresponding relative differences (%) (right)
(Model-Obs)/Obs x100 in October 2004 (upper panel) and April 2005 (lower panel) for
pressures between 300 and 180 hPa.
standard deviation of ∼27%. This indicates that LINCO does not present a systematic
bias at the levels between 300 hPa and 180 hPa. However, as expected, LINCO is not
able to represent the variability observed by aircraft in situ measurements. In October
2004, the model represents well the spatial distribution of CO as observed by MOZAIC.
Both observations and model show a meridional gradient between equator and high lati-
tudes as aircraft fly in the lower stratosphere at mid-latitudes (low CO amounts of ∼50
ppbv) and in the troposphere at low latitudes (high CO amounts of ∼80 ppbv). An ove-
restimation of the LINCO concentration is observed over the Tibetan Plateau, where the
model accumulates CO as described in section 2.2.3.2. In April 2005, an increase of CO is
observed by MOZAIC over polluted areas in the South-Center USA and over Asia. The
model underestimates this increase of CO concentration in the higher troposphere as was
concluded in section 2.2.3.2 by comparison with MOPITT CO.
2.2.4 Evaluation of a one year of MOPITT CO data assimilation
with the linear scheme
2.2.4.1 Assimilation diagnostics
The linear scheme of CO is used here to demonstrate its great interest for data as-
similation over long periods of time due to its low computational cost. The assimilation
experiment started on December 1st, 2003 and ended on July 1st, 2005. The initial 3D
field of atmospheric constituents is the same as for twin runs for LINCO and RACMO-
BUS discussed in section 2.2.3. MOPITT data are averaged in boxes of 2◦ x 2 ◦ to obtain
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Fig. 2.9 – Histograms of Observations Minus Analyses (OMA : solid lines) and Observa-
tions Minus Forecast (OMF : dashed lines) for the 7 MOPITT levels (surface, 850, 700,
500, 350, 250 and 150 hPa) and from July 2004 to July 2005.
super-observations directly assimilated into the used version of the MOCAGE-PALM
system. Moreover, in order to take into account the vertical resolution of the MOPITT
measurements, their averaging kernels as well as their a priori profiles are considered in
the assimilation procedure. Note that the variance-covariance error matrices of MOPITT
measurements are also taken into account during the assimilation process through the
error covariance matrix of the observations. The analysed fields are studied for the period
between July 2004 and July 2005. The period prior to July, 1st 2004 is assumed to be
perturbed by spinup effects, and thus is not considered in our analysis.
We check the consistency of the observations minus analyses (OMA) and observations
minus forecast (OMF) in order to evaluate the quality of the CO assimilated fields. Figure
2.9 shows the two distributions of OMA and OMF for all of the 7 MOPITT levels and
for the full period (July 2004-July 2005). Both distributions are nearly Gaussian and
therefore are assumed to have a Gaussian error. The mean of OMF values is close to zero
(∼0.7 ppbv) with a standard deviation of ∼16.6 ppbv (∼21%), which indicates a small
bias between MOPITT observations and model forecast. The standard deviation and the
mean value of OMA (with a correlation coefficient of 0.99) are smaller than that of OMF
(with a correlation coefficient of 0.94) which shows that the analyses are closer to the
observations than the forecast. This again indicates that the assimilation system behaves
properly.
2.2.4.2 Evaluation of CO analyses
Comparison in the troposphere with independent MOZAIC aircraft data
In this section, we use MOZAIC CO as independent data in order to evaluate MO-
PITT CO assimilated fields (hereinafter referred to MOPan) and the LINCO simulation
(reference standard simulation) with the objective to determine the added-value of data
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assimilation. Table 2.1 presents correlation, bias and standard deviations between LINCO
and MOZAIC CO, and between MOPan and MOZAIC CO. LINCO underestimates CO
in the lower troposphere with a negative bias of -25% compared to MOZAIC at 700 hPa
whereas MOPan reduces this bias to a positive value of 8.6%. These results are consistent
with the bias of +5% obtained by Emmons et al. [2009] directly considering MOPITT and
MOZAIC in 2004 over coincident profiles. In this study, we consider all MOZAIC profiles
and not only MOPITT coincident profiles as done by Emmons et al. [2009] which may
lead to a slightly different bias (+8% instead of +5%). As presented in section 2.2.3.4,
the model tends to increase the CO concentrations in the UTLS region. This may explain
the differences between a ∼16% bias found between MOZAIC data and MOPan at 250
hPa and a ∼2% bias between MOZAIC and MOPITT CO data found by Emmons et al.
[2009] for the same period.
In order to go a step further in our analysis, CO averaged profiles are presented over 3
regions of the globe : North America (140–30 W, 15–70 N), Europe (20 W–40 E, 15–75N)
and Asia (60–160 E, 5–50 N) and for the different seasons : NH summer, autumn, winter
and spring 2004–2005. In Figure 2.10, MOZAIC CO profiles are plotted on 8 isobars at
950, 850, 750, 650, 550, 450, 350 and 250 hPa, averaged within the 8 layers : surface–900
hPa, 900–800 hPa, 800–700 hPa, 700–600 hPa, 600–500 hPa, 500–400 hPa, 400–300 hPa
and 300–220 hPa respectively. For all cases, except over Asia during NH summer, LINCO
underestimates the CO concentration compared to MOZAIC CO with a negative bias of
∼40 ppbv at 850 hPa, decreasing with altitude until 250 hPa where the negative bias is
low (∼10 ppbv, ∼13%). The assimilation of MOPITT CO data improves greatly the ver-
tical distribution of CO which shows MOPan profiles closer to the MOZAIC independent
data than free run LINCO for pressures between 750 to 350 hPa. However, compared to
MOZAIC, MOPan overestimates CO at 850 hPa in October-November-December 2004
and January-February-March 2005 over Europe and North America. Nevertheless, 850
hPa is likely not the most MOPITT reliable level for MOPITT data according to Em-
mons et al. [2004]. In the lower troposphere and over Asia, LINCO slightly overestimates
CO in summer (July-August-September) but widely underestimates CO during the other
seasons. This is likely due to a mis-specified fossil fuel burning in the inventory emissions
of the model over Asia as suggested by Shindell et al. [2006]. The data assimilation cor-
rects this discrepancy by decreasing the CO concentration in summer and increasing CO
elsewhere. Moreover, the annual added CO mass in the troposphere by the MOPITT CO
assimilation (via the assimilation increment) is estimated to be 680 Tg. This corresponds
to ∼68% of the total mass introduced during one year by the emission inventory.
LINCO-MOZAIC MOPAN-MOZAIC
Pressure (hPa) Corr Bias % Corr Bias %
250 0.69 -0.1±26.8 0.69 16.2±31.9
350 0.54 -8.8±23.3 0.62 10.8±26.2
500 0.31 -21.0±17.2 0.50 7.2±18.3
700 0.26 -25.5±25.8 0.42 8.6±24.6
Tab. 2.1 – Mean correlation bias and standard deviation in % between MOZAIC aircraft
CO data set and the LINCO run and between the MOPITT CO assimilated fields at 700
(775-600), 500 (600-425) 350 ( 425-260) and 250 (260-240) hPa.
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Fig. 2.10 – Mean profiles of CO in parts per billion by volume (ppbv) from LINCO (green
lines), MOZAIC (black lines) and MOPITT CO assimilated fields (red lines) in 2004-
2005 NH summer July-August-September (JAS) autumn October-November-December
(OND) winter January-February-March (JFM) and spring April-May-June (AMJ) over
North America (right), Europe (center) and Asia (right).
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Fig. 2.11 – CO fields calculated by LINCO (left), assimilated MOPITT CO (center) and
MLS CO (right) in parts per billion by volume (ppbv) in October 2004 (upper panel) and
April 2005 (lower panel) at 146 hPa. Note that LINCO and assimilated MOPITT CO
have been smoothed by triangular MLS averaging kernels.
Comparison in the UTLS with MLS
MOZAIC data are only available up to 190 hPa, therefore we used independent MLS
data at 147 hPa which is nearly an overlapped level with MOPITT at 150 hPa to evaluate
MOPan at higher altitude. We applied the same theoretical triangular averaging kernel as
described in section 2.2.3.3. In Figure 2.11, we compare MLS CO to LINCO and MOPan
simulated CO interpolated at MLS locations at 146 hPa. For October 2004, the results
calculated with LINCO are different from the corresponding MLS CO fields. Over South
America, CO fields from LINCO are quite similar to MLS observations. Conversely, over
Africa, there is an underestimation of the CO concentration compared to MLS data likely
inducing the stronger underestimation over South East Asia due to horizontal and ver-
tical transport deficiencies and also to too much CO destruction and too low emissions
over Africa in the linear scheme. In the same way, for April 2005, the same behavior is
observed as for October 2004, with strong underestimation of CO mainly over Africa. For
both months, MOPITT CO data assimilation corrects these underestimates by increasing
the CO concentration over Africa and South East Asia. MOPan improves the quality
of the CO distribution compared to MLS into the tropics by reducing the bias between
the model and the observations from -15% without assimilation to 5% and increasing
the correlation from 0.65 without assimilation to 0.75 with assimilation. At extratropical
latitudes the bias between MLS and MOPan is higher (-50%) because MOPITT data
are more scattered and therefore the low model values due to the too rapid meridional
circulation (as described in section 2.2.3.3) are predominant. Moreover the MLS data are
assumed to have an uncertainty of ±30 % according to Livesey et al. [2008], which may
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also contribute to this high difference between MOPITT CO analyses and MLS CO at
high latitudes.
2.2.5 Summary and Conclusions
In this study, we have presented a new linear parameterization for CO (LINCO) which
can be used both in the troposphere and in the stratosphere. In order to evaluate this
linear chemical scheme, we have implemented the parameterization into the MOCAGE
CTM. In a first part, the results of LINCO have been compared to the detailed chemical
scheme of MOCAGE, RACMOBUS. LINCO results have also been compared to several
CO measurements from satellite instruments (MOPITT in the troposphere and MLS in
the stratosphere) and from in situ aircraft data (MOZAIC) in the UTLS. In a second part,
we have assimilated MOPITT CO with LINCO over one and a half years and compared
analyses to independent observations (MOZAIC and MLS) to evaluate the quality of
the results. This evaluation was done to demonstrate the interest of the LINCO low
computation cost which allows data assimilation over long periods of time.
The CO distributions of both the linear and the detailed chemical schemes behave
qualitatively similarly. The linear scheme has smaller CO concentrations in the tropos-
phere and larger CO concentrations in the stratosphere compared to RACMOBUS. We
deduced that these differences are mainly due in the troposphere to a too high destruction
of CO concentration by the production minus loss rate LINCO coefficient (A1). Indeed,
the emission inventory used with LINCO in MOCAGE is different from the CO climato-
logy at the surface used in MOBIDIC. This naturally leads to tropospheric biases in the
LINCO scheme, because the A1 coefficient remains fixed. In the stratosphere the positive
bias between LINCO and RACMOBUS, is partly due to the positive bias between the
CO climatological coefficient (A3) and RACMOBUS. However differences between the
two chemical schemes remain quite small (∼ 30 ppbv, 20%). The comparisons between
model results and MOPITT CO data globally show a good agreement. The model is able
to capture the main spatial patterns of CO and to represent the seasonal CO variations
with a maximum in the NH in April and a maximum in the SH in October as observed
in MOPITT data. A negative bias of LINCO in the troposphere is observed compared
to MOPITT CO, predominant in the NH with a maximum near the surface (30-40 ppbv
at 850 hPa) and a decrease with altitude (20 ppbv at 250 hPa). One can note that this
negative bias is quite similar or a little higher to this encountered between LINCO and
RACMOBUS. In the lower and middle stratosphere, LINCO simulates very well the CO
concentrations distributions except at the poles where CO concentrations are underes-
timated. We suggest that this deficiency in LINCO is related to a too rapid downward
transport of poor CO air from middle stratosphere to the lower stratosphere at the poles.
In the UTLS, we obtained a very good agreement between LINCO results and MOZAIC
CO observations with a small bias of +2% but with a large variability of ±27%.
The MOPITT CO analyses generally show a good agreement with the MOZAIC obser-
vations and reduce the negative bias in the troposphere compared to the model without
assimilation and MOZAIC (from ∼-20% without assimilation to ∼+8% with assimila-
tion). At 250 hPa, the bias between MOPITT CO analyses and MOZAIC is larger than
the bias between MOPITT CO and MOZAIC CO obtained by Emmons et al. [2009] li-
kely because of the model transport deficiency. We compared MOZAIC CO profiles with
LINCO profiles over North America, Europe and Asia for different seasons. In each case,
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the assimilation greatly improves the CO vertical distribution from 700 to 350 hPa. The
annual added CO mass in the troposphere by the MOPITT CO assimilation is estimated
to be 680 Tg, which corresponds to ∼68% of the total mass introduced by the emission
inventory during one year. MOPITT CO analyses also present a good agreement with
MLS data at 146 hPa. However, at extratropical latitudes, MOPITT CO analyses unde-
restimate the CO concentration compared to MLS CO (∼-50%). This bias may be related
to a too rapid downward transport of the meridional circulation.
Finally, we show that the linear parameterization for CO, introduced in a CTM, is
able to represent reasonably well the main CO distribution in the troposphere and the
lower stratosphere. In the context of data assimilation, we have shown that the bias is
corrected by using MOPITT CO observations. The main advantage of such a chemical
scheme is its low computing cost (only one tracer) which makes possible simulation and
data assimilation for long periods. It is now possible to assimilate data at higher global
resolution (for example 0.5◦ instead of 2◦ actually used) to use the full horizontal resolu-
tion of current nadir satellite–borne instruments.
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2.3 Etudes des biais observe´s dans le sche´ma line´aire
On a montre´ dans la partie 2.2.3 qu’un biais ne´gatif est observe´ dans la troposphe`re
aussi bien en comparaison avec le sche´ma complet RACMOBUS qu’avec les observations
MOPITT et MOZAIC. Au contraire, un biais positif est observe´ dans la stratosphe`re
en comparaison a` RACMOBUS et aux observations MLS. Afin de mieux expliquer la
provenance de ces biais plusieurs diagnostics et e´tudes de sensibilite´s ont e´te´ re´alise´s. Ils
sont pre´sente´s dans les parties suivantes.
2.3.1 Comparaisons des diffe´rents termes du sche´ma line´aire
Comme il a e´te´ pre´sente´ dans la section 2.2.2.1, le sche´ma line´aire est base´ sur
l’e´quation de continuite´ du CO de´veloppe´e en se´ries de Taylor du premier ordre.
∂rCO
∂t
= A1︸︷︷︸
terme1
+A2(rCO − A3)︸ ︷︷ ︸
terme2
+A4(T − A5)︸ ︷︷ ︸
terme3
(2.2)
Cette e´quation peut se de´composer en 3 termes dont l’unite´ est le ppbv.s−1 :
– le premier terme correspond au taux de production et perte chimique de CO
– le deuxie`me terme correspond au taux de production et perte de CO cause´ par une
perturbation des concentrations de CO par rapport au coefficient A3
– le troisie`me terme correspond au taux de production et perte de CO cause´ par une
perturbation des tempe´ratures par rapport au coefficient A5
Afin de comparer l’importance de ces termes en fonction des diffe´rentes re´gions de l’at-
mosphe`re (troposphe`re et stratosphe`re, poˆles et tropiques), ils ont e´te´ normalise´s par le
coefficient A3 (qui repre´sente une climatologie zonale mensuelle des concentrations de CO)
pour obtenir des % par jour. Une technique similaire a e´te´ utilise´e par Geer et al. [2007]
pour comparer les coefficients de diffe´rents sche´mas line´aires d’ozone. Les perturbations
de concentration de CO et de tempe´rature sont calcule´es respectivement par la diffe´rence
entre la moyenne zonale des concentrations de CO obtenue avec les simulations LINCO
et le coefficient A3 d’une part, et la diffe´rence entre la moyenne zonale des tempe´ratures
obtenue avec ARPEGE et le coefficient A5 (Figures 2.12) d’autre part.
La Figure 2.12 montre que le coefficient A3 pre´sente des concentrations de CO plus
fortes que les concentrations obtenues avec LINCO, essentiellement dans la troposphe`re et
dans l’he´misphe`re nord. Les diffe´rences de tempe´rature entre ARPEGE et le coefficient A5
sont faibles dans la troposphe`re (∼1 K) sauf au poˆle ou` un biais positif pouvant atteindre
∼10 K est observe´. Dans la stratosphe`re, un biais ne´gatif est observe´ (∼ -15 K). Ces
diffe´rences calcule´es de fac¸on “offline” sont ensuite utilise´es pour de´terminer l’importance
de chacun des termes de l’e´quation du sche´ma line´aire.
La Figure 2.13 pre´sente l’importance relative des diffe´rents termes du sche´ma line´aire.
Dans la troposphe`re : le terme 1 pre´sente une forte destruction de CO, particulie`rement
dans l’he´misphe`re nord ; le terme 2 au contraire va relaxer les concentrations de LINCO
vers le coefficient A3 en rajoutant du CO ; enfin le terme 3 pre´sente des valeurs tre`s
faibles dans la troposphe`re et est donc ne´gligeable par rapport aux 2 autres termes. Dans
la stratosphe`re : le terme 1 pre´sente des valeurs tre`s faibles, excepte´ au dela` de 25 km
d’altitude dans l’he´misphe`re nord (∼ 0.5 %/jour) ; le terme 2 va e´galement relaxer les
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Fig. 2.12 – Moyenne zonale de CO (1e`re ligne) de LINCO (gauche) et du coefficient A3
(milieu) en ppbv (parts per billion by volume) ainsi que leurs diffe´rences (droite) en ppbv
et en % (isolignes) et moyenne zonale de la tempe´rature (2e`me ligne) d’ARPEGE (gauche)
et du coefficient A5 (milieu) en K ainsi que leurs diffe´rences (droite) en K. Les moyennes
zonales sont calcule´es pour le mois de juillet 2004.
Terme 1 Terme 2 Terme 3
latitude latitude latitude
Fig. 2.13 – Moyenne zonale des termes offline 1 : P-L (gauche), 2 : A2(rCO-A3) (milieu),
et 3 : A4(T-A5) (droite) de l’e´quation de LINCO pour le mois de juillet 2004 en %/jour.
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concentrations de LINCO vers le coefficient A3 en rajoutant du CO de fac¸on importante
(∼ 1%/jour) ; enfin le terme 3 rajoute e´galement du CO au niveau des tropiques pour des
altitudes supe´rieures a` 23 km.
Ces diagnostics “offline” permettent de confirmer que le biais ne´gatif observe´ dans LINCO
dans la troposphe`re est essentiellement duˆ a` une destruction trop importante du CO par
le terme A1, que le terme 2 tend au contraire a` rajouter du CO et que le terme 3 lie´
a` la tempe´rature n’a que tre`s peu d’impact. Dans la stratosphe`re en revanche, le biais
positif observe´ dans LINCO est essentiellement lie´ a` la relaxation des concentrations de
LINCO vers le coefficient A3, mais les termes 1 et 3 ont e´galement tendance a` rajouter du
CO pour des altitudes supe´rieures a` 25 km. Les re´sultats pre´sente´s dans cette partie sont
repre´sentatifs du mois de juillet 2004 mais les re´sultats pour les autres mois de l’e´tude
2004-2005 (non pre´sente´s) restent du meˆme ordre de grandeur.
2.3.2 Un test de sensibilite´ sur le coefficient A1
Afin de confirmer l’explication du biais de LINCO dans la troposphe`re par une destruc-
tion trop importante du CO par le coefficient A1, nous avons re´alise´ un test de sensibilite´
en l’augmentant de 20% pour ve´rifier qu’ainsi on re´duisait bien le biais par rapport a`
RACMOBUS et donc e´galement par rapport aux observations (MOPITT et MOZAIC).
Pour calculer ce nouveau coefficient A1 en ppbv/s
−1, nous avons enleve´ 20% de A2*A3 a`
A1 :
∂rCO
∂t
= A1 − A2 ∗ A3 ∗ 0.2 + A2(rCO − A3) + A4(T − A5) (2.3)
= A′1 + A2(rCO − A3) + A4(T − A5) (2.4)
LINCO V2 RACMOBUS DIFFERENCES
latitude latitude latitude
Fig. 2.14 – Moyenne zonale de CO de LINCO V3 (gauche) et de RACMOBUS (milieu)
en ppbv (parts per billion by volume) ainsi que leurs diffe´rences (droite) en ppbv et en %
(isolignes) pour le mois de juillet 2004.
Les re´sultats avec le nouveau coefficient A1 (Figure 2.14) montrent que le biais entre
RACMOBUS et LINCO V2 est largement diminue´ dans la troposphe`re. Il reste cependant
encore un biais positif dans l’he´misphe`re sud de l’ordre de 10-15 ppb pour les altitudes
infe´rieures a` 5 km mais on voit apparaitre un biais ne´gatif dans l’he´misphe`re sud. Dans
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la stratosphe`re en revanche, le biais est augmente´. Ces re´sultats montrent qu’il est pos-
sible mais relativement complique´ d’ajuster finement le coefficient A1 pour diminuer les
biais observe´s dans LINCO a` la fois dans la troposphe`re et la stratosphe`re, et dans les
he´misphe`res nord et sud. De plus la variabilite´ interannuelle du CO dans la troposphe`re
libre est de l’ordre de 10 a` 20%, c’est pourquoi nous avons garde´ les coefficients originaux
calcule´s avec le mode`le bidimensionnel MOBIDIC. Afin de conserver la consistance entre
tous les coefficients, une solution serait d’utiliser les tendances chimiques calcule´es avec
un sche´ma complet tel que RACMOBUS pour de´terminer un nouveau jeu de coefficients.
On e´viterait ainsi les incohe´rences entre les coefficients et e´missions d’un mode`le 2D lors-
qu’on introduit les coefficients dans un mode`le 3D. En effet, les variations longitudinales
des e´missions sont fortes notamment aux moyennes latitudes de l’he´misphe`re nord et, du
fait des non line´arite´s de la chimie troposphe´rique, l’approche 2D pre´sente des limitations.
2.4 Conclusions
Cette e´tude a montre´ qu’un sche´ma line´aire pouvait bien repre´senter a` l’e´chelle globale
les distributions horizontales et verticales des concentrations de CO et e´galement les va-
riations saisonnie`res. Cette e´tude a de plus de´montre´ l’apport d’un syste`me d’assimilation
utilisant le 3D-FGAT pour la chimie troposphe´rique et en particulier l’apport des donne´es
nadir infrarouges d’un satellite de´filant pour ame´liorer les distributions de CO dans la tro-
posphe`re a` l’e´chelle globale. En effet, la combinaison optimale du sche´ma line´aire et des
observations MOPITT a` l’aide du 3D-FGAT a permis d’obtenir des analyses tre`s proches
des observations in situ inde´pendantes MOZAIC. Les e´tudes de tendances, de variations
saisonnie`res utilisant les mesures spatiales MOPITT et IASI re´alise´es dans l’e´quipe seront
faites avec ce sche´ma line´aire ; notamment les e´tudes re´alise´es dans le cadre de CHAR-
MEX autour de la Me´diterrane´e pour analyser les e´changes, les chemins de transport du
CO et l’impact de la pollution sur ce bassin.
Cependant, e´tant donne´ que la suite des travaux de the`se se concentrent a` l’e´chelle
europe´enne sur la basse troposphe`re, les e´tudes d’assimilation de donne´es re´alise´es dans
les chapitres suivants sont effectue´es avec le meˆme syste`me d’assimilation 3D-FGAT mais
avec le sche´ma chimique RACMOBUS qui est un sche´ma de´taille´, plus adapte´ a` des e´tudes
de qualite´ de l’air, au prix d’une e´ventuelle restriction a` une zone d’aire limite´e avec les
moyens de calcul actuels.
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Le rayonnement e´lectromagne´tique dans les domaines des longueurs d’ondes de l’ul-
traviolet, du visible et de l’infrarouge joue un roˆle fondamental dans de tre`s nombreux
processus atmosphe´riques. En effet, il constitue la source initiale d’e´nergie pour diffe´rents
me´canismes physiques et intervient notamment dans les processus de changements clima-
tiques.
De plus, la plupart des me´thodes de te´le´de´tection de la composition atmosphe´rique
repose sur l’interaction de l’atmosphe`re avec un rayonnement e´lectromagne´tique. L’onde
e´lectromagne´tique mesure´e par un satellite est modifie´e en fonction de la composition
et des parame`tres physiques de l’atmosphe`re. Une information sur le syste`me Terre-
atmosphe`re peut eˆtre extraite de ce rayonnement.
Dans ce chapitre, nous pre´sentons dans une premie`re partie les principales proprie´te´s
de l’interaction rayonnement–matie`re et du transfert radiatif. Puis nous aborderons la
the´orie de l’inversion, en particulier la me´thode de re´gularisation de Tikhonov-Phillips
utilise´e dans la suite de la the`se. Enfin, une dernie`re partie aborde succinctement les prin-
cipes de la mesure d’un spectrome`tre a` re´seaux et a` transforme´e de Fourier ainsi qu’un
re´sume´ des satellites mesurant dans l’infrarouge, l’ozone et/ou le monoxyde de carbone.
N.B. : En raison des objectifs de la the`se, les proprie´te´s physiques pre´sente´es dans ce
chapitre sont oriente´es pour un satellite au nadir (vise´e vers la Terre) mesurant l’ozone et
le monoxyde de carbone dans l’infrarouge.
3.1 Interaction rayonnement - matie`re
Dans cette section, nous de´crivons succinctement et de manie`re ge´ne´rale, les proprie´te´s
d’absorption et d’e´mission du rayonnement e´lectromagne´tique des mole´cules. En effet,
ces notions de spectroscopie permettent une meilleure compre´hension de l’information
contenue dans les spectres atmosphe´riques mesure´s ou simule´s.
3.1.1 Niveaux d’e´nergie et transitions
En dehors des processus nucle´aires, l’e´nergie d’une mole´cule se pre´sente sous la forme
d’e´nergie cine´tique Ec, d’e´nergie e´lectronique Ee, d’e´nergie de vibration Ev et d’e´nergie
de rotation Er. Une mole´cule est alors caracte´rise´e par des niveaux d’e´nergie propres,
qui correspondent a` un e´tat e´lectronique et a` un e´tat de rotation et de vibration de la
mole´cule. Elle peut absorber des photons dont l’e´nergie permet une transition entre deux
niveaux d’e´nergie donne´s. L’e´nergie correspondant a` la transition entre 2 niveaux donne´s
J ′ et J ′′ est donne´e par :
ΔE = E(J ′′)− E(J ′) = hcνo (3.1)
ou` h repre´sente la constante de Planck (h = 6.626.10−34 J.s), c la vitesse de la lumie`re et νo
son nombre d’onde associe´. Les niveaux d’e´nergie sont organise´s de la manie`re suivante :
ΔEr ≤ ΔEv ≤ ΔEe (3.2)
La diffe´rence entre les niveaux e´lectroniques est plus importante que la diffe´rence entre
les niveaux vibrationnels, qui est plus importante que celle entre les niveaux rotationnels
(Figure 3.1).
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Fig. 3.1 – Niveaux d’e´nergie correspondant aux niveaux e´lectroniques, vibrationnels et
rotationnels.
– L’e´nergie e´lectronique :
Les transitions entre les niveaux e´lectroniques sont accompagne´es de l’e´mission ou
de l’absorption de photons dans l’ultra-violet et le visible car elles requie`rent des
e´nergies assez e´leve´es. De plus, lors d’une transition e´lectrique, des transitions de
vibration et de rotation sont e´galement pre´sentes.
– L’e´nergie vibrationnelle :
Le domaine de l’e´nergie vibrationnelle s’e´tend du visible a` l’infrarouge. Le nombre de
modes de vibration de´pend du type de mole´cule : par exemple 1 pour une mole´cule
line´aire a` 2 atomes, 3 pour une mole´cule non-line´aire triatomique et 4 pour une
mole´cule line´aire triatomique (seulement 3 si elle pre´sente une syme´trie). L’e´nergie
vibrationnelle peut s’e´crire :
Ev = hc
∑
i
(υi +
1
2
)νi (3.3)
ou` υi et νi sont respectivement les nombres quantiques et les nombres d’onde as-
socie´s.
– L’e´nergie rotationnelle :
Le domaine des transitions rotationnelles s’e´tend de l’infrarouge lointain aux micro-
ondes. L’e´nergie rotationnelle d’une mole´cule rigide line´aire est de la forme :
Er = hcBJ(J + 1) (3.4)
ou` B est une constante, inversement proportionnelle au moment d’inertie de la
mole´cule et J est un nombre quantique entier. L’e´nergie rotationnelle d’une mole´cule
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non line´aire, mais pre´sentant un axe de syme´trie, est alors :
Er = hc(BJ(J + 1) + (A−B)K2) (3.5)
ou` K est un second nombre quantique (K ≤ J) et A est aussi une constante inver-
sement proportionnelle au moment d’inertie de la mole´cule.
Dans le spectre infrarouge, e´tudie´ dans cette the`se, seules les e´nergies de vibration et
de rotation interviennent. En ge´ne´ral, une transition pour un spectre de rotation-vibration
doit obe´ir aux re`gles suivantes :
Δυi = ±1 pour un seul i, ΔJ = 0 ou ±1 et ΔK = 0
L’ensemble des transitions vibrationnelles dont le niveau infe´rieur est υi = 0 et dont le
niveau supe´rieur est υi = 1 est appele´ la bande fondamentale note´e νi. Au sein de cette
bande, a` un nombre quantique rotationnel J au niveau infe´rieur, peut eˆtre associe´ un
nombre quantique au niveau infe´rieur J+1, J-1 ou J. Dans le premier cas (J+1), les raies
sont regroupe´es dans la branche R, dans le deuxie`me cas (J-1) les raies sont regroupe´es
dans la branche P et enfin dans le troisie`me cas (Δ J=0) les raies sont regroupe´es dans
la branche Q (Figure 3.2).
Fig. 3.2 – Spectre de rotation-vibration.
3.1.2 Intensite´ et profil de raie
L’intensite´ d’une raie spectrale est proportionnelle a` l’intensite´ de la transition et au
nombre de mole´cules se trouvant dans l’e´tat initial J’. Il s’agit de l’inte´grale de la section
efficace d’absorption sur tout le domaine spectral. L’intensite´ d’une raie peut-eˆtre e´tablie
a` partir d’une base de donne´es (HITRAN, GEISA...) suivant la formule :
S(T ) = S(T0)
Qυ(T0)
Qυ(T )
(
T0
T
)α
exp
[
−hcE
k
(
1
T
− 1
T0
)] [1− exp (−hcν0
kT
)]
[
1− exp
(
−hcν0
kT0
)] (3.6)
avec :
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T0 tempe´rature de re´fe´rence qui de´pend de la base de donne´es
h constante de Planck
c vitesse de la lumie`re
k constante de Boltzmann
E e´nergie du niveau infe´rieur
ν0 nombre d’onde de la raie
Qυ(T0) fonction de partition a` la tempe´rature de re´fe´rence
Qυ(T ) fonction de partition a` la tempe´rature conside´re´e
S(T0) intensite´ tabule´e dans la banque de donne´es
α coefficient qui de´pend de la line´arite´ de la mole´cule
La fonction de partition est en premie`re approximation un produit d’un terme rotationnel
et d’un terme vibrationnel :
Q(T ) = Qrot(T )Qvib(T ) (3.7)
et la fonction de partition rotationnelle peut s’exprimer sous la forme :
Qrot(T ) = Qrot(T0)
(
T
T0
)n
(3.8)
avec n qui vaut 1 pour les mole´cules line´aires et 1.5 pour les autres.
La fonction de partition vibrationnelle peut s’exprimer sous la forme :
Qvib(T ) =
∏
s
[
1− exp
(
−hcνs
kT
)]−ds
(3.9)
avec ds la de´ge´ne´rescence du mode s et νs le nombre d’onde de la vibration associe´e.
La forme des raies observe´es sur les spectres atmosphe´riques n’est pas assimile´e a` des pics
de Dirac car l’absorption et l’e´mission d’un rayonnement ne sont pas purement monochro-
matiques. Les raies subissent en effet plusieurs e´largissements : l’e´largissement naturel,
l’e´largissement collisionnel et l’e´largissement Doppler.
– L’e´largissement naturel :
D’apre`s le principe d’Heisenberg, si un e´tat excite´ a une dure´e de vie limite´e Δt,
l’e´nergie E du niveau pre´sente une incertitude ΔE = h/2π. Le nombre d’onde de la
transition pre´sente alors l’incertitude Δν0 = 1/(2πc). Cette incertitude est la source
d’un e´largissement Lorentzien.
– L’e´largissement collisionnel :
Cet e´largissement est duˆ aux nombreuses interactions qui accompagnent les collisions
entre les mole´cules. Lorsque deux mole´cules entrent en collision, les niveaux d’e´nergie
initiaux et finaux sont modifie´s et il s’ensuit un e´largissement de la raie de type
Lorentzien :
φν0 =
αL
π [(ν − ν0) + α2L]
(3.10)
ou` αL est la demi-largeur de raie a` mi-hauteur. Cet e´largissement est pre´dominant
dans la troposphe`re ou` la pression et donc le nombre de collisions entre les mole´cules
est plus e´leve´.
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– L’e´largissement Doppler :
Cet e´largissement est duˆ a` la vitesse de de´placement de la mole´cule. Pour une
mole´cule, dont la vitesse a une composante suivant la direction de propagation du
rayonnement u, le changement de nombre d’onde associe´ a` l’effet Doppler est :
Δν = ν0u/c. Cet e´largissement est surtout perceptible au sommet de la raie lors-
qu’elle ne sature pas.
Lorsque l’importance des e´largissements Doppler et collisionnel est comparable, le
profil de raie devient un profil de Voigt, qui est une convolution des profils Doppler et
collisionnel (cf Figure 3.3).
Comme nous l’avons vu, dans les basses couches de l’atmosphe`re, l’e´largissement colli-
sionnel est pre´dominant. Au contraire, a` haute altitude, la pression est suffisament faible
pour que l’e´largissement Doppler soit pre´dominant. Les raies des spectres atmosphe´riques
contiennent donc une information sur la distribution verticale dans l’atmosphe`re du consti-
tuant absorbant.
Fig. 3.3 – Comparaison des profils lorentzien, Doppler et de Voigt d’apre`s Fouchet [2000]
3.2 Le transfert radiatif dans l’infrarouge
3.2.1 Les sources de rayonnement
Le soleil et la surface terrestre e´mettent chacun un rayonnement e´lectromagne´tique
comparable au premier ordre a` celui d’un corps noir. L’e´quation de Planck donne l’expres-
sion du rayonnement thermique e´mis par un corps noir a` la tempe´rature T en fonction du
nombre d’onde ν en W.m2.sr−1.Hz−1 :
Bν(T ) =
2hν3
c2e
hν
kT
−1 (3.11)
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ou en fonction de la longueur d’onde λ en W.m2.sr−1.m−1 :
Bλ(T ) =
2hc2
λ5e
hc
λkT
−1 (3.12)
ou` h est la constante de Plank, c la vitesse de la lumie`re et k la constante de Boltzmann.
La distribution du rayonnement solaire correspond approximativement a` celle d’un
corps noir a` une tempe´rature de 5800 K. Elle e´met essentiellement de l’ultraviolet au
proche infrarouge et est maximale dans le visible. L’e´mission terrestre s’apparente a` celle
d’un corps noir a` une tempe´rature de 288 K et est maximale dans l’infrarouge thermique.
La figure 3.4 montre la distribution spectrale approximative des rayonnements solaire et
terrestre.
Fig. 3.4 – Distribution spectrale de l’e´mission de corps noir a` la tempe´rature du soleil
(bleu) et de la surface de la terre (rouge).
La surface de la Terre e´met en re´alite´ un rayonnement qui peut eˆtre exprime´ comme
l’e´mission d’un corps noir ponde´re´e par l’e´missivite´ de la surface, on parle alors d’un corps
gris :
Lν = ενBν , O ≤ εν ≤ 1 (3.13)
Localement, l’atmosphe`re est conside´re´e en e´quilibre thermodynamique a` une tempe´rature
T , et e´met un rayonnement Bν(T ) de manie`re isotrope (dans toutes les directions). Comme
le corps noir, les mole´cules de l’atmosphe`re terrestre e´mettent un rayonnement infrarouge
pour e´quilibrer l’e´nergie absorbe´e. En effet, selon la loi de Kirchoff, a` l’e´quilibre ther-
modynamique local, les coefficients d’e´mission et d’absorption sont e´gaux. La quantite´
d’e´nergie absorbe´e dans une direction x par une couche de gaz d’e´paisseur dx est e´gale a`
Bν(T )kνdx, ou` kν est le coefficient spectral volumique d’absorption du gaz ; la quantite´
d’e´nergie e´mise est alors e´gale a` Bν(T )νdx ou` ν est le coefficient spectral d’e´mission du
gaz conside´re´ (ν = kν a` l’e´quilibre thermodynamique local).
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3.2.2 L’e´quation du transfert radiatif dans l’infrarouge
L’e´quation du transfert radiatif rend compte de tous les processus pouvant affecter le
rayonnement lors de sa traverse´e de l’atmosphe`re. Elle permet de calculer la luminance
spectrale (L dont l’unite´ est le W/cm2sr−1cm−1) pour un nombre d’onde ν.
En conside´rant un e´le´ment de chemin optique ds dans l’atmosphe`re, le bilan des proces-
sus affectant les photons d’une longueur d’onde donne´e traversant un e´le´ment de volume
s’e´crit :
dLν
ds
= −kνLν + Jν (3.14)
Le premier terme repre´sente l’absorption dans l’e´le´ment ds. Jν repre´sente la fonction
source dans ds. Il comprend un terme de diffusion Jdiffν et un terme d’e´mission thermique
Jemisν :
Jν = J
diff
ν + J
emis
ν (3.15)
Cependant, dans le domaine spectral de l’infrarouge thermique, la diffusion par les mole´cu-
les ou par les ae´rosols peut eˆtre ne´glige´e. De plus, la contribution du rayonnement solaire
peut e´galement eˆtre ne´glige´e (cf Figure 3.4). La fonction source peut alors s’e´crire :
Jν ≈ Jemisν = kνBν(T ) (3.16)
L’e´quation 3.14 du transfert radiatif s’e´crit :
1
kν
dLν
ds
= −Lν(s) + Bν(Ts) (3.17)
avec Ts la tempe´rature du gaz au point s. L’e´paisseur optique du milieu entre les points
s1 et s2 est de´finie par :
τ(s1, s2) =
∫ s2
s1
kν(s
′)ds′ (3.18)
On a alors apre`s simplification et inte´gration de l’e´quation 3.14 entre 0 (la surface de la
Terre) et sr la position du re´cepteur visant au nadir :
Lν(sr) = Lν(0)e
−τ(0,s) +
∫ sr
0
kν(s)Bν(Ts)e
−τ(0,s)ds (3.19)
Le premier terme de cette e´quation correspond a` l’e´mission de la surface terrestre. Le
second terme correspond a` l’e´mission thermique le long du chemin optique, atte´nue´e selon
la loi de Beer-Lambert. L’atmosphe`re e´met comme un corps noir mais uniquement aux
fre´quences des raies d’absorption.
La transmittance η(s1, s2), exprimant la fraction de signal qui traverse la couche [s1, s2]
est donne´e par :
η(s1, s2) = e
−τ(s1,s2) (3.20)
L’e´nergie est donc atte´nue´e sur sa trajectoire entre s0 et sr par un facteur donne´ par la
transmittance.
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3.2.3 Impact du contraste thermique dans l’infrarouge
Si l’on conside`re une couche atmosphe´rique juste au dessus de la surface de la Terre
(figure 3.5), la luminance L1 au sommet de cette couche peut alors s’e´crire :
L1 = τ1(εsurfBν(Tsurf )) + ε1Bν(T1) (3.21)
= τ1Bν(Teq) + (1− τ1)Bν(T1) (3.22)
= τ1(Bν(Teq)−Bν(T1)) + Bν(T1) (3.23)
ou` T1 est la tempe´rature de la couche atmosphe´rique, Tsurf , la tempe´rature de la surface,
Teq la tempe´rature de surface e´quivalente a` une e´missivite´ de surface e´gale a` 1, εsurf est
l’e´missivite´ de surface, ε1 l’e´missivite´ de la couche atmosphe´rique conside´re´e et τ1 = 1−ε1
la transmission spectrale de la couche atmosphe´rique conside´re´e.
On peut distinguer 3 re´gimes :
– T1 = Teq : pas d’information spectrale sur la couche atmosphe´rique au dessus de la
surface.
– T1 > Teq : information sur l’e´mission de la couche atmosphe´rique au dessus de la
surface.
– T1 > Teq : information sur l’absorption de la couche atmosphe´rique au dessus de la
surface.
Le constraste thermique (Teq − T1) est donc un parame`tre de´terminant pour la de´tection
dans l’infrarouge thermique de la capacite´ absorbante (et ainsi de la composition) de la
couche atmosphe´rique au dessus de la surface.
Fig. 3.5 – Impact du contraste thermique dans le transfert radiatif infrarouge, d’apre`s B.
Kerridge, e´cole d’e´te´ 2010 de l’agence spatiale europe´enne.
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3.3 Technique d’inversion
Dans cette partie, est pre´sente´e de manie`re ge´ne´rale la the´orie fondamentale de l’inver-
sion de spectres atmosphe´riques en utilisant le formalisme de Rodgers [1976 1990 2000].
3.3.1 Proble`me direct et proble`me inverse
Le “proble`me direct” de´crit dans la section pre´ce´dente (3.2) permet donc de calculer
la luminance en fonction des parame`tres atmosphe´riques ainsi que d’autres parame`tres
comme les sections efficaces d’absorption ou les caracte´ristiques de l’instrument. En uti-
lisant une notation vectorielle, le proble`me direct peut s’e´crire :
y = F (x, b) +  (3.24)
ou` y repre´sente le vecteur de la mesure, x le vecteur d’e´tat, b les parame`tres autre que x
ayant un impact sur la mesure, F la fonction directe du transfert radiatif et  l’erreur sur
la mesure. Par souci de simplification, l’erreur associe´e au mode`le direct n’est pas prise en
compte car elle est conside´re´e comme ne´gligeable devant les autres sources d’incertitude
intervenant dans l’inversion.
Pour le “proble`me inverse”, il s’agit d’estimer certains parame`tres comme le rapport de
me´lange des mole´cules de l’atmosphe`re, en fonction de la luminance observe´e y, du mode`le
F et des parame`tres conside´re´s connus b. On de´finit ce processus comme l’inversion du
proble`me direct, c’est a` dire l’inversion de l’e´quation du transfert radiatif.
Le proble`me inverse consiste a` calculer xˆ, une estimation de l’e´tat re´el recherche´ x, a`
partir de la mesure y et de l’estimation bˆ des parame`tres b. Il peut s’e´crire :
xˆ = R(y, bˆ) = R(F (x, b) + , bˆ) (3.25)
ou` R repre´sente la fonction inverse.
L’information contenue dans la mesure est fortement limite´e par les caracte´ristiques de
l’instrument de mesure. Le proble`me n’est pas entie`rement de´fini et est dit mal pose´ car
une solution unique ne peut pas eˆtre de´termine´e a` partir de la seule mesure. Afin de mieux
contraindre le proble`me, la mesure est combine´e a` une information additionnelle appele´e
a priori qui peut eˆtre par exemple issue d’une climatologie et/ou d’un mode`le.
3.3.2 Line´arisation du proble`me
L’e´quation du proble`me direct 3.24 peut eˆtre line´arise´e a` l’aide d’un de´veloppement
de Taylor au premier ordre de F (x, b) autour d’un e´tat de re´fe´rence x0 qui est pris dans
ce cas comme l’a priori note´ xa.
y = F (xa, bˆ) +
∂F (x, bˆ)
∂x
(x− xa) + ∂F (x, bˆ)
∂b
(b− bˆ) +  (3.26)
C’est a` partir de cette approximation line´aire que la me´thode d’inversion est de´veloppe´e.
L’e´quation 3.26 peut e´galement s’e´crire :
y = F (xa, bˆ) + Kx(x− xa) + Kb(b− bˆ) +  (3.27)
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ou` Kx = ∂F (x, bˆ)/∂x et Kb = ∂F (x, bˆ)/∂b, sont appele´s les fonctions de poids ou Jaco-
biens. Ils repre´sentent la sensibilite´ du mode`le direct a` l’e´tat x et aux parame`tres b du
mode`le direct.
L’e´quation 3.25 peut alors d’e´crire :
xˆ = R
[
F (xa, bˆ) + Kx(x− xa) + Kb(b− bˆ) + , bˆ
]
(3.28)
qui apre`s line´arisation du mode`le inverse par rapport a` y, donne :
xˆ = R
[
F (xa, bˆ)
]
+ Gy
[
Kx(x− xa) + Kb(b− bˆ) + 
]
(3.29)
ou` Gy = ∂R/∂y repre´sente la sensibilite´ de l’inversion a` la mesure y, appele´e gain du
mode`le inverse.
L’e´quation 3.29 peut se re´e´crire :
xˆ− xa = R
[
F (xa, bˆ)
]
− xa + A(x− xa) + Gyy (3.30)
ou`
A = GyKx =
∂xˆ
∂x
(3.31)
repre´sente la sensibilite´ de la quantite´ inverse´e xˆ a` l’e´tat re´el x ; et est appele´ fonction de
balayage ou “averaging kernel”. La trace de cette matrice permet de calculer le degre´ de
liberte´ de l’inversion ou` “degree of freedom (DOF)” : dof = tr(A).
y = Kb(b− bˆ) +  (3.32)
repre´sente l’erreur totale de la mesure relative au mode`le direct.
Le premier terme de l’e´quation 3.30 repre´sente le biais e´ventuel associe´ a` la me´thode
d’inversion. Pour une me´thode d’inversion fiable, ce terme doit rester proche de 0. Le
second terme repre´sente l’erreur de lissage de la quantite´ re´elle par le syste`me d’observation
(instrument et me´thode d’inversion). En l’absence de biais, la quantite´ inverse´e peut
s’e´crire de la fac¸on suivante :
xˆ = xa + A(x− xa) + Gyy (3.33)
3.3.3 Analyse des erreurs
L’expression de l’erreur sur la quantite´ inverse´e peut eˆtre obtenue en re´arrangeant
l’e´quation 3.32 et 3.33 :
xˆ− x = (A− I)(x− xa)︸ ︷︷ ︸
erreur de lissage
+ GyKb(b− bˆ)︸ ︷︷ ︸
erreur des parame`tres du mode`le
+ Gy︸︷︷︸
erreur de l′inversion
(3.34)
Le premier terme correspond a` l’erreur de lissage. Elle repre´sente la sensibilite´ verticale
du syste`me d’observation (instrument + mode`le d’inversion). La matrice de covariance de
l’erreur de lissage Sliss est :
Sliss = (A− I)Se(A− I)T (3.35)
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ou` Se repre´sente la matrice de covariance d’un ensemble d’e´tat autour de l’e´tat moyen.
Il est donc indispensable de connaˆıtre la matrice de covariance d’un ensemble d’e´tat re´el
pour estimer la matrice de covariance de l’erreur de lissage.
Le second terme correspond a` l’erreur lie´e aux parame`tres du mode`le tels que la tempe´ratu-
re ou le rapport de me´lange d’espe`ces chimiques non inverse´es. La matrice de covariance
de cette erreur s’e´crit :
Sparam = GyKbSbK
T
b G
T
y (3.36)
ou` Sb repre´sente la matrice de covariance d’erreur du parame`tre concerne´.
Enfin, le troisie`me terme repre´sente l’erreur lie´e a` la mesure. Sa matrice de covariance
d’erreur peut s’e´crire :
Smes = GySG
T
y (3.37)
ou` S est la matrice de covariance du bruit sur la mesure , lie´e a` l’instrument.
Les matrices Sliss, Sparam et Smes expriment donc dans l’espace de xˆ les diffe´rentes sources
d’erreur. L’erreur totale sur l’estimation peut alors eˆtre exprime´e par la matrice de cova-
riance Stot :
Stot = Sliss + Sparam + Smes (3.38)
3.3.4 La re´gularisation de Tikhonov-Phillips
La re´gularisation de Tikhonov-Phillips (Tikhonov [1963] ; Phillips [1962a]) a e´te´ ap-
plique´e a` de nombreux proble`mes d’inversion atmosphe´rique. Cette me´thode a notamment
e´te´ utilise´e pour TES (Tropospheric Emission Spectrometer, Steck [2002]; Kulawik et al.
[2006]) ; pour MIPAS (Michelson Interferometer for Passive Atmospheric Sounding, Milz
et al. [2004]), et plus re´cemment pour IASI (Infrared Atmospheric Sounding Interferome-
ter, Eremenko et al. [2008]).
D’apre`s Rodgers [2000], le proble`me inverse revient a` minimiser la fonction suivante :
‖y − F (x)‖2
S−1
+ ‖x− xa‖2R = [y − F (x)]S−1 [y − F (x)] + (x− xa)TR(x− xa) (3.39)
ou` R est la matrice de re´gularisation, x est l’e´tat re´el recherche´, y est la mesure, S est
la matrice de covariance d’erreur de la mesure, xa est le vecteur a priori et ‖.‖ est la
norme. La non line´arite´ de F (x) ne´cessite d’utiliser une minimisation par ite´rations de
Gauss-Newton :
xi+1 = xi + (K
T
i S
−1
 Ki + R)
−1 {KTi S−1 [y − F (xi)]−R(xi − xa)} (3.40)
avec Ki repre´sentant le Jacobien et i le nume´ro de l’ite´ration.
Dans cette the`se, la matrice de re´gularisation est calcule´e de la fac¸on suivante :
R = γLTL (3.41)
ou` γ est un parame`tre de re´gularisation, constant en altitude, calcule´ de fac¸on empirique
et L est la matrice de de´rive´e premie`re de l’ope´rateur de re´gularisation. L’e´quation 3.40
peut alors s’e´crire :
xi+1 = xi + (K
T
i S
−1
 Ki + γL
TL)−1
{
KTi S
−1
 [y − F (xi)]− γLTL(xi − xa)
}
(3.42)
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Avec la re´gularisation de Tikhonov, la formulation ge´ne´ralise´e des matrices des fonc-
tions de balayage A et de gain G peuvent alors s’e´crirent :
Gy =
(
KTS−1 K + γL
TL
)−1
KTS−1 (3.43)
et
A =
(
KTS−1 K + γL
TL
)−1
KTS−1 K (3.44)
Le degre´ de liberte´ est alors calcule´ comme :
dof = tr(A) = tr
[(
KTS−1 K + γL
TL
)−1
KTS−1 K
]
(3.45)
Il est important de rappeler que le degre´ de liberte´ obtenu est de´pendant de l’erreur lie´e a`
l’instrument S mais e´galement fortement de´pendant de la me´thode et de la re´gularisation
choisie : dans ce cas γLTL. Eremenko et al. [2008] ont d’ailleurs mis en place une me´thode
pour optimiser γ en fonction de l’altitude afin d’avoir un maximum d’information dans la
basse troposphe`re et un minimum d’erreur.
3.4 Les spectrome`tres
Actuellement, deux techniques sont majoritairement utilise´es pour mesurer des spectres
infrarouges depuis l’espace. Il s’agit du spectrome`tre a` re´seaux et du spectrome`tre a` trans-
forme´e de Fourier. Ce paragraphe re´sume ces deux me´thodes.
3.4.1 Le spectrome`tre a` re´seaux
Les re´seaux sont connus sous le terme de re´seaux de diffraction. Bien que la diffraction
de la lumie`re par chaque trait d’un re´seau joue un roˆle essentiel en rayonnant dans toutes
les directions, c’est le phe´nome`ne d’interfe´rence entre les ondes diffracte´es par les nom-
breux traits du re´seau qui lui donne ses caracte´risques de disperseur. Les caracte´ristiques
d’un re´seau de dispersion sont :
– sa pe´riode ou pas p et le nombre de traits par unite´ de longueur n = 1/p,
– la largeur a du motif e´le´mentaire,
– la largeur L de la portion du re´seau e´claire´ par le faisceau incident.
On conside`re une onde plane monochromatique incidente sur un re´seau de diffraction avec
un angle θ0 par rapport a` la normale au re´seau. Chaque fente diffracte la lumie`re, et a`
la sortie du re´seau il y a interfe´rence entre les faisceaux diffracte´s par chaque fente. Un
capteur est place´ dans le plan focal d’une lentille a` la sortie du re´seau.
La diffe´rence de marche δ entre les ondes (1) et (2) dans la direction θe a` la sortie du
re´seau s’e´crit :
δ = OH −MH0 = p(sinθ − sinθ0) = Nλ (3.46)
ou` λ est la longueur d’onde et N repre´sente l’ordre d’interfe´rence.
Lorsque le spectrome`tre a` re´seaux est e´claire´ par une onde plane de fre´quence ωi et de
vecteur d’onde ki, l’onde ge´ne´re´e par un e´le´ment n du re´seau peut s’e´crire dans l’espace
complexe j comme :
En,i = E
0
n,iexp(jωit− jkir − jϕn,i) (3.47)
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Fig. 3.6 – Sche´ma optique d’un spectrome`tre a` re´seaux
ou` r est la distance a` la source, t est le temps, E0n,i et ϕn,i = kinδ repre´sentent l’amplitude
et la phase respectivement.
L’amplitude de l’onde re´sultante est la somme des ondes ge´ne´re´es par les m e´le´ments du
spectrome`tre a` re´seaux :
Ei =
m∑
n=1
En,i = exp(jωit− jkir)
m∑
n=1
E0n,iexp(−jkinδ) (3.48)
On peut e´galement montrer par transformation que :
E0n,iexp(−jkinδ) ∝
sin(m/2 · kiδ)
sin(1/2 · kiδ) (3.49)
Le pouvoir de re´solution d’un spectrome`tre a` re´seaux est de´fini tel que :
PR =
k
Δk
= mN (3.50)
Le pouvoir de re´solution est limite´ par le nombre d’e´le´ments du re´seau et par l’ordre de
l’interfe´rence.
3.4.2 Le spectrome`tre a` transforme´e de Fourier
Le spectrome`tre a` transforme´e de Fourier (FTS en anglais) fait partie des avance´es
majeures en instrumentation scientifique de la seconde moitie´ du XXe`me sie`cle. Le FTS
repose sur le phe´nome`ne d’interfe´rences a` deux ondes et l’utilisation de l’interfe´rome`tre
de Michelson sche´matise´ sur le figure 3.7, d’apre`s Picque´ et Guelachvili [2007]. Le faisceau
lumineux issu du milieu sonde´, est divise´ en parts e´gales par le se´parateur de faisceau.
L’un des faisceaux est de´vie´ vers le miroir fixe et l’autre vers le miroir mobile, ce qui
introduit une diffe´rence de chemin optique ou diffe´rence de marche Δ. Apre`s re´flexion
sur les deux miroirs, les faisceaux se recombinent en interfe´rant sur le de´tecteur. Celui-ci
mesure une intensite´ fonction de la diffe´rence de marche (Δ) des chemins parcourus par
les deux faisceaux.
Dans le cas d’une source polychromatique, le signal obtenu est compose´ de la somme des
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Fig. 3.7 – Sche´ma optique d’un interfe´rome`tre de Michelson
composantes monochromatiques constituant la source. Cette somme est l’interfe´rogramme
I(Δ) :
I(Δ) =
∫ ∝
0
B(ν)(1 + cos(2πνΔ)dν (3.51)
ou` B est la densite´ spectrale d’e´nergie caracte´risant la source et ν le nombre d’onde.
L’e´quation 3.51 est alors compose´e d’un terme constant et d’un terme pair module´ :
I2 =
∫ ∝
0
B(ν)(cos(2πνΔ))dν (3.52)
Ce terme correspond a` la transforme´e de Fourier en cosinus du spectre B(ν). La transfor-
mation :
B(ν) =
∫ ∝
−∝
I2(Δ)(cos(2πνΔ))dΔ (3.53)
restitue le spectre.
Le FTS proce`de donc en deux temps : l’interfe´rogramme est d’abord enregistre´ en fonction
de Δ, puis sa transforme´e de Fourier restitue le spectre en fonction de ν.
En pratique, le de´placement du miroir Δ est limite´ a` une valeur maximale Δmax. On
ne mesure donc pas l’interfe´rogramme I(Δ) mais son produit par une fonction rectangle :
D(Δ) = 1 pour −Δmax ≤ Δ ≤ Δmax
D(Δ) = 0 sinon
(3.54)
Le spectre de la source est donc convolue´ par une fonction sinus cardinal (transforme´e de
Fourier de la fonction rectangle) :
sinc =
sin(2πνΔmax)
2πνΔmax
(3.55)
La re´solution de l’instrument δν est de´termine´e par le de´placement maximal du miroir
mobile Δ :
δν =
1
2Δmax
(3.56)
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Fig. 3.8 – A gauche : fonction d’apodisation de Norton Beer Strong et fonction rectangle
normalise´es. A droite : re´ponses spectrales correspondantes.
Pour diminuer les maxima secondaires de la fonction sinus cardinal qui de´te´riorent le
signal, on peut convoluer l’interfe´rogramme par une fonction approprie´e. C’est ce qu’on
appelle l’apodisation qui, en contrepartie, de´grade la re´solution (cf Figure 3.8).
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3.5 Re´capitulatif des satellites mesurant O3 et CO
dans l’infrarouge
Il existe deux principaux types de vise´e pour les satellites mesurant la composition chi-
mique de l’atmosphe`re (Figure 3.9). La premie`re est la vise´e au nadir ou` le satellite vise
vers la Terre. Le profil atmosphe´rique restitue´ est caracte´rise´ par une bonne re´solution ho-
rizontale atteignant jusqu’a` ∼ 15 km pour IASI par exemple, mais une mauvaise re´solution
verticale de´pendant des caracte´ristiques du capteur. La deuxie`me est la vise´e au limbe
ou` le satellite vise non pas vers la Terre mais traverse une couche d’atmosphe`re horizon-
talement. Dans le cas de la vise´e au limbe, le profil atmosphe´rique restitue´ est caracte´rise´
par une bonne re´solution verticale mais une mauvaise re´solution horizontale (∼ 100 km
ou plus).
Les premie`res mesures de CO dans l’infrarouge thermique depuis l’espace ont e´te´ effectue´es
par l’instrument MAPS (Measurement of Air Pollution from Space) depuis la navette spa-
tiale Challenger [Reichle Jr. et al., 1999]. La se´rie d’instruments HIRS (high resolution
infrared sounder) a` bord des plateformes de la NOAA a permis les mesures de colonne
totale d’ozone dans l’infrarouge autour de 9.7 μm [Neuendorffer, 1996]. IMG/ADEOS est
le pre´curseur des instruments nadir a` haute re´solution spectrale permettant de mesurer
conjointement l’O3 et le CO dans l’infrarouge. Il existe actuellement plusieurs instru-
ments de´filants mesurant l’O3 et le CO dans l’infrarouge : 4 par vise´e au nadir (MO-
PITT/TERRA, AIRS/AQUA, TES/AURA et IASI/MetOp) et 3 par vise´e au limbe (MI-
PAS/Envisat, OSIRIS/Odin et ACE-FTS/SCISAT-1).
Fig. 3.9 – A gauche, sche´ma d’un satellite visant au nadir et a` droite sche´ma d’un satellite
visant au limbe.
3.5.1 Vise´e au Nadir
3.5.1.1 IMG/ADEOS
L’instrument IMG (Interferometric Monitor for Greenhouse gases) a e´te´ lance´ sur la
plateforme ADEOS (ADvanced Earth Observing Satellite, Kobayashi et al. [1999]) le 17
aouˆt 1996 ; suite a` la rupture du panneau solaire du satellite, il a cesse´ d’envoyer des
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donne´es le 30 juin 1997. IMG est base´ sur le principe de l’interfe´rome`tre de Michelson
mesurant dans l’infrarouge thermique de 3.3 a` 14 μm avec un e´chantillonnage spectral
de 0.05 cm−1. La couverture du globe e´tait obtenue en 4 jours avec des pixels de 12
km de diame`tre. IMG a e´te´ conc¸u dans le but d’observer la composition chimique de
l’atmosphe`re, avec un focus sur les gaz a` effet de serre. Il a permis les premie`res e´tudes
d’inversion d’ozone [Turquety et al., 2002] et de CO [Barret et al., 2005] provenant d’un
instrument nadir a` haute re´solution.
3.5.1.2 MOPITT/TERRA
L’instrument MOPITT (Measurements Of Pollution In The Troposphere) a e´te´ lance´
sur la plateforme Terra de la NASA en de´cembre 1999 [Drummond et Mand, 1996a] et a
e´te´ ope´rationnel de`s mars 2000. MOPITT mesure au nadir le CO troposphe´rique [Deeter
et al., 2003 2007] depuis 2000 jusqu’a` nos jours. Il s’agit d’un radiome`tre a` corre´lation
de gaz qui mesure l’e´mission thermique a` 4.7 μm et le rayonnement solaire re´fle´chi par
la Terre a` 2.2-2.4 μm. Il fournit une couverture globale de la Terre en ∼3 jours avec des
pixels de 22 km par 22 km.
3.5.1.3 AIRS/AQUA
L’instrument AIRS (Atmospheric Infrared Sounder) est un sondeur infrarouge a` haute
re´solution lance´ en Mai 2002, a` bord de la plateforme AQUA, avec deux autres sondeurs
micro-ondes ope´rationels [Aumann et al., 2003]. Il s’agit d’un spectrome`tre a` re´seaux me-
surant dans l’infrarouge de 3.74 a` 15.4 μm avec un pouvoir de re´solution PR=1200. Les
donne´es des 3 instruments sont analyse´es en meˆme temps pour filtrer les nuages et avoir
un profil de tempe´rature et d’humidite´ avec une grande pre´cision : 1 K et 20% respecti-
vement dans la troposphe`re. AIRS fournit une couverture globale de la Terre en un jour
avec une re´solution horizontale de 13.5 km au nadir. Les produits inverse´s d’O3 et de CO
sont de´crits respectivement par Divakarla et al. [2008] et McMillan et al. [2005]; Warner
et al. [2007].
3.5.1.4 TES/AURA
L’instrument TES (Tropospheric Emission Spectrometer) a e´te´ lance´ en juillet 2004
sur la plateforme AURA [Beer, 2006]. TES est un spectrome`tre a` transforme´e de Fourier
qui posse`de a` la fois une vise´e au nadir et une vise´e au limbe. Il mesure dans l’infrarouge
de 3.2 a` 15.4 μm avec un e´chantillonnage spectral de 0.0592 cm−1 au nadir et 0.0148 cm−1
au limbe. La re´solution verticale au limbe est de 2.3 km et la re´solution horizontale au
nadir est de 5.3 km x 8.3 km. La couverture globale de la Terre est re´alise´e en 26 heures
(16 orbites). Parmi les diffe´rents produits fournis par TES, on trouve l’O3 [Worden et al.,
2007a] et le CO [Ho et al., 2009].
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3.5.1.5 IASI/MetOp
L’instrument IASI (Infrared Atsmospheric Sounding Interferometer) a e´te´ lance´ en
2006 a` bord de la plateforme METOP-A. IASI est un spectrome`tre a` transforme´e de
Fourier qui mesure le spectre atmosphe´rique par e´mission thermique infrarouge de 3.6
μm a` 15.5 μm avec un e´chantillonnage spectral de 0.25 cm−1. Il permet d’obtenir une
couverture globale de la Terre 2 fois par jour avec des pixels de 12 km au nadir. IASI a
e´te´ conc¸u pour des sondages me´te´orologiques ope´rationnels avec une grande pre´cision (1
K sur la tempe´rature et 10% sur l’humidite´). IASI mesure e´galement plusieurs espe`ces
absorbant dans l’infrarouge dont le CO et l’O3 [Clerbaux et al., 2009].
3.5.2 Vise´e au limbe
3.5.2.1 MIPAS/Envisat
L’instrument MIPAS (Michelson Interferometer for Passive Atmospheric Sounding)
a e´te´ lance´ en mars 2002 a` bord de la plateforme Envisat [Fischer et al., 2008]. Il s’agit
d’un spectrome`tre a` transforme´e de Fourier qui mesure l’e´mission thermique infrarouge au
limbe de 4.15 a` 14.6 μm avec un e´chantillonnage spectral de 0.025 cm−1. MIPAS permet
de mesurer jusqu’a` une vingtaine de profils de diffe´rentes espe`ces de la haute troposphe`re
a` la mesosphe`re avec une couverture globale re´alise´e en trois jours, avec en particulier le
CO [Funke et al., 2009] et l’O3 [Gil-Lo´pez et al., 2005]. MIPAS comple`te l’information
sur la composition de l’atmosphe`re obtenue a` partir des trois autres capteurs pre´sents sur
Envisat : SCIAMACHY (SCanning Imaging Absorption spectroMeter for Atmospheric
CartograpHY), GOMOS (Global Ozone Monitoring by Occultation of Stars) et MERIS
(MEdium Resolution Imaging Spectrometer).
3.5.2.2 ACE-FTS/SCISAT-1
L’instrument ACE (Atmospheric Chemistry Experiment - Fourier Transform Spectro-
meter) a e´te´ lance´ en aouˆt 2003 a` bord de la plateforme canadienne SCISAT-1 [Bernath
et al., 2005]. ACE-FTS est un spectrome`tre a` transforme´e de Fourier qui mesure au
limbe de 2.2 a` 13.3 μm avec un e´chantillonnage spectral de 0.02 cm−1 dont l’objectif est
d’e´tudier la chimie et la physique de l’atmosphe`re affectant la formation du trou d’ozone
stratosphe´rique. ACE-FTS permet donc de mesurer entre autre le CO [Clerbaux et al.,
2005] et l’O3 [Petelina et al., 2005].
3.5.3 MTG-IRS
Contrairement aux autres instruments pre´sente´s ci-dessus, MTG-IRS (Me´te´osat Third
Generation Infrared Sounder) n’a pas encore e´te´ lance´. En effet, la mission MTG a conjoin-
tement e´te´ pre´pare´e par EUMETSAT (pour les spe´cifications scientifiques) et par l’agence
Europe´enne spatiale (pour le concept et le de´veloppement de l’instrument) pour une mise
en orbite entre 2016 et 2018, en vue du remplacement de Me´te´osat Second Generation
[Stuhlmann et al., 2005]. MTG-IRS sera e´galement sur une plateforme ge´ostationnaire. Les
caracte´ristiques de MTG-IRS sont essentiellement ajuste´es pour la pre´vision nume´rique
du temps (profil de vapeur d’eau et de tempe´rature) et ne sont donc pas optimales pour les
besoins en chimie atmosphe´rique [Clerbaux et al., 2008a] et plus particulie`rement la qualite´
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de l’air. Les caracte´ristiques actuelles de l’instrument infrarouge sont un e´chantillonnage
spectral de 0.625 cm−1 et un bruit radiome´trique de 24.5 a` 6.12 nW/cm2 sr cm−1 du
MWIR (Medium Wavelength Infrared) au LWIR (Long Wavelength Infrared). Diffe´rentes
e´tudes ont de´ja` e´te´ re´alise´es pour de´terminer la capacite´ de MTG-IRS a` mesurer le CO
et l’O3 dans l’infrarouge : Clerbaux et al. [2004], Clerbaux et al. [2008a]. Ces e´tudes ont
montre´ que les spe´cifications instrumentales de MTG-IRS sont moins bonnes que celles
de IASI et qu’il n’est possible de restituer qu’une seule information inde´pendante dans la
troposphe`re (colonne troposphe´rique).
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Chapitre 4
Etudes d’inversion de spectres
atmosphe´riques d’O3 et de CO dans
l’infrarouge thermique
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Etudes d’inversion de spectres atmosphe´riques d’O3 et de CO dans
l’infrarouge thermique
Ce chapitre s’appuie sur l’article Claeyman et al. [2010c], en discussion depuis aouˆt
2010 dans la revue Atmospheric Measurement Techniques Discussion
M. Claeyman, J.-L. Attie´, V.-H. Peuch, L. El Amraoui, W. A. Lahoz, B. Josse, P. Ricaud,
T. von Clarmann, M. Ho¨pfner, J. Orphal, J.-M. Flaud, D. P. Edwards, K. Chance, X.
Liu, F. Pasternak and R. Cantie´ : A geostationary thermal infrared sensor to monitor the
lowermost troposphere : O3 and CO retrieval studies. Atmos. Meas. Tech. Discuss., 3.,
3489-3534, 2010.
La section 4.1 de ce chapitre est un re´sume´ long en franc¸ais de l’article, le texte inte´gral
en anglais de l’article est introduit dans la section 4.2 et enfin la section 4.3 pre´sente les
perspectives de l’e´tude.
4.1 Re´sume´ long de l’article 2
La qualite´ de l’air (QA) concerne la composition de l’atmosphe`re au plus pre`s de la
surface de la Terre. La composition de l’air que l’on respire peut avoir un impact ne´gatif sur
la sante´ et engendrer des proble`mes respiratoires, des maladies cardiaques ou des cancers
(cf chapitre 2). La QA est quantifie´e par les concentrations de polluants reconnus pour
avoir un impact sur la sante´ et l’environnement. Parmi ces polluants, certains de´passent
re´gulie`rement les seuils re´glemente´s par les directives europe´ennes et par l’organisation
mondiale de la sante´. Les autorite´s doivent alors eˆtre informe´ lors de ces de´passements
pour mettre en place des mesures de pre´ventions (e.g., re´gulation de vitesse). Il s’agit a`
la fois des espe`ces gazeuses : l’ozone (O3) et les oxydes d’azote (NOx) ; et des particules
en suspension. La surveillance de la QA a e´te´ mise en place aux Etats-Unis de`s 1970 par
le “Clean Air Act”, et en France de`s 1996 avec la loi sur l’air et l’utilisation rationnelle
de l’e´nergie (LAURE).
De plus, l’estimation des e´missions naturelles et anthropoge´niques est un de´fi, e´tant
donne´es la complexite´ et la variabilite´ spatio-temporelle des sources d’e´mission, notam-
ment des sources de combustion (transport, industrie, feux de foˆret). Cuvelier et al. [2007];
Vautard et al. [2007] ont montre´ l’importance des e´missions dans les mode`les pour les
pre´visions de QA. Le monoxyde de carbone (CO) est un tre`s bon traceur des sources de
combustions et est un pre´curseur de l’O3.
Actuellement, les syste`mes de pre´vision de la qualite´ de l’air utilisent essentiellement
les mesures des stations de surface (e.g., Prev’air Rou¨ıl et al. [2008], MACC (Monitoring
Atmospheric Composition and Climate, Hollingsworth et al. [2008])). Tre`s peu de mesures
satellites d’espe`ces chimiques sont utilise´es directement par ses syste`mes. Or les stations
de surface pre´sentent une couverture spatiale he´te´roge`ne et de fortes disparite´s dans leur
repre´sentativite´ horizontale. L’avantage principal des mesures satellites est au contraire
leur large couverture spatiale.
De nos jours, les observations satellites de la composition chimique de la troposphe`re
se font essentiellement au nadir depuis des orbites de´filantes (Low Earth Orbit (LEO)
en anglais ; cf chapitre 4). Cependant ces plateformes LEO ont un temps de revisite
limite´ (1 a` 2 fois par jour) et ne peuvent donc pas caracte´riser la variabilite´ temporelle
et spatiale des espe`ces cle´s pour la QA. En effet dans la troposphe`re, la variabilite´ des
puits (e.g., destruction chimique, de´poˆts), des sources (e´missions, production chimique),
le transport et le me´lange des espe`ces re´actives induisent des variations de gradient de
concentrations tre`s rapides. Il faut donc une re´solution temporelle (∼ 1 heure) et spatiale
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(10 km x 10 km) adapte´e a` ces variations rapides pour mesurer avec pre´cision la basse
troposphe`re [e.g., Martin, 2008]. L’unique plateforme d’observations capable de re´pondre
a` ces caracte´ristiques est une plateforme ge´ostationnaire (GEO ; Edwards [2006]). A noter
qu’en me´te´orologie, le besoin d’observations a` haute fre´quence temporelle a aussi e´te´
couvert par ce type de satellite (e.g., la se´rie Meteosat en Europe ou la se´rie Geostationary
Operational Environmental Satellite (GOES) des Etats-Unis).
Ce chapitre de´crit les capacite´s d’un satellite ge´ostationnaire mesurant dans l’infra-
rouge thermique pour sonder l’O3 et le CO dans la basse troposphe`re (de´finie de 0 a` 3 km
d’altitude). Afin d’e´valuer les capacite´s de ce capteur, des e´tudes d’inversion de spectres
atmosphe´riques ont e´te´ effectue´es sur des profils atmosphe´riques typiques re´partis en
Europe en utilisant diffe´rentes configurations d’instruments (e´chantillonnage spectral et
rapport signal a` bruit). Ces inversions ont e´te´ effectue´es en utilisant le mode`le de trans-
fert radiatif KOPRA [Stiller et al., 2002] et le mode`le d’inversion KOPRA-fit utilisant la
re´gularisation de Tikhonov-Phillips [Tikhonov, 1963; Phillips, 1962b].
Nous avons calcule´ les degre´s de liberte´ (Degree of Freedom (DOF) en anglais ; cf
chapitre 4) pour un contraste thermique positif (+2 K) et ne´gatif (-2 K) pour diffe´rentes
configurations d’instruments. A partir de ces DOFs, nous avons se´lectionne´ une configu-
ration techniquement et e´conomiquement faisable en collaboration avec Astrium-EADS,
avec un e´chantillonnage spectral de 0.05 cm−1 et un rapport signal a` bruit de 750 pour
l’O3 et de 190 pour le CO pour obtenir un DOF de 1.5 pour l’O3 et de 2 pour le CO entre 0
et 15 km d’altitude, re´fe´rence´e GEO-TIR. Nous avons e´galement effectue´ une analyse des
erreurs (calcule´e en prenant en compte les principales sources d’erreur : erreur de lissage,
tempe´rature, mesure) qui a montre´ que pour l’O3 et le CO, l’erreur principale provient
de l’erreur de lissage mais que GEO-TIR permet d’avoir une erreur totale plus faible que
l’erreur a priori dans la basse troposphe`re a` la fois pour l’O3 et le CO.
Nous avons e´galement simule´ une autre plateforme ge´ostationnaire (GEO-TIR2) ayant
des caracte´ristiques instrumentales similaires a` celles de Meteosat Third Generation In-
frared Sounder (toutes autres choses e´gales a` GEO-TIR), dont le lancement est pre´vu
en 2017-2018 et qui mesurera des luminances dans la bande infrarouge du CO et de
l’O3 (meˆme si la mesure de la composition chimique n’est qu’un objectif secondaire).
Les comparaisons entre les deux instruments mesurant dans l’infrarouge thermique, per-
mettent ainsi de quantifier l’apport d’un satellite de´die´ a` la QA (GEO-TIR) par rapport a`
un autre satellite ge´ostationnaire mais de´die´ aux pre´visions nume´riques me´te´orologiques
(GEO-TIR2).
Afin de caracte´riser l’information apporte´e par GEO-TIR et GEO-TIR2 dans la basse
troposphe`re, nous avons re´alise´ des inversions d’O3 de CO pour les deux instruments et
pour diffe´rents contrastes thermiques allant de -10 K a` 10 K. La forme du premier niveau
de la fonction de balayage (correspondant a` la surface) confirme la forte de´pendance
de la sensibilite´ des instruments infrarouges au contraste thermique. De plus GEO-TIR
pre´sente pour un fort contraste thermique positif une tre`s bonne sensibilite´ dans la basse
troposphe`re, avec une fonction de balayage dont le maximum est a` 1 km pour le CO, et
a` 3-4 km pour l’O3. GEO-TIR2 pre´sente en revanche, une tre`s faible sensibilite´ pour l’O3
dans la basse troposphe`re, mais peut eˆtre sensible pour le CO (la fonction de balayage
e´tant cependant beaucoup plus large que celle de GEO-TIR).
Nous avons ensuite re´alise´ des inversions d’O3 et de CO sur une atmosphe`re plus
re´aliste, simule´e avec le mode`le de chimie-transport MOCAGE a` une resolution de 0.5 (∼20
km) sur l’Europe. Nous avons d’abord e´value´ la capacite´ de GEO-TIR a` repre´senter les dis-
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tributions spatiales de CO et O3 de jour et de nuit sur l’Europe pour une journe´e typique.
Les maximums et minimums de concentrations a` 3 km d’altitude sont ge´ne´ralement bien
repre´sente´s mais sous-estime´s par rapport a` MOCAGE (qui repre´sente la re´alite´ simule´e).
Les DOFs calcule´s de 0 a` 15 km d’altitude sont compris entre 1.1 et 1.8 pour l’O3 et entre
1.5 et 2.5 pour le CO. En revanche, les concentrations d’O3 de GEO-TIR2 repre´sente le
gradient latitudinal observe´ dans la haute troposphe`re dans MOCAGE, GEO-TIR2 est
donc tre`s peu sensible a` la basse troposphe`re. Pour le CO, GEO-TIR2 est sensible a` la
colonne troposphe´rique (DOFs ∼ 1) et uniquement dans certains cas de forts contrastes
thermiques, il peut eˆtre sensible a` la basse troposphe`re.
Enfin, nous avons inverse´ la colonne comprise de CO et d’O3 entre 0 a` 3 km d’altitude
sur 6 villes europe´ennes sur une pe´riode de 15 jours (de´but juillet 2009) pour e´valuer la
capacite´ des deux satellites a` repre´senter la variabilite´ de CO et d’O3. Nous avons montre´
que GEO-TIR est capable de bien repre´senter la variabilite´ des concentrations de CO
et d’O3 et le cycle diurne lors de forts contrastes thermiques et de fortes tempe´ratures
de surface, induisant une couche limite haute et une activite´ photochimique importante
et donc de fortes concentrations. La corre´lation entre les observations de GEO-TIR et
MOCAGE varie entre 0.79 et 0.81 pour la colonne 0-3 km d’O3 et entre 0.79 et 0.90 pour
la colonne de CO. Divers diagnostics statistiques (correlation, e´cart type et biais) avec
MOCAGE montrent des re´sultats significativement meilleurs aussi bien pour l’O3 et le
CO pour GEO-TIR que pour GEO-TIR2. Ces re´sultats montrent donc la bonne capacite´
de GEO-TIR a` mesurer le CO et l’O3 dans la basse troposphe`re, et sa valeur ajoute´e
indiscutable par rapport a` un instrument “non de´die´” a` la QA comme GEO-TIR2.
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4.2 Article 2 - A geostationary thermal infrared sen-
sor to monitor the lowermost troposphere : O3
and CO retrieval studies
Abstract
This paper describes the capabilities of a nadir thermal infrared (TIR) sensor proposed
for deployment onboard a geostationary platform to monitor ozone (O3) and carbon mo-
noxide (CO) for air quality (AQ) purposes. To assess the capabilities of this sensor we per-
form idealized retrieval studies considering typical atmospheric profiles of O3 and CO over
Europe with different instrument configuration (signal to noise ratio (SNR) and spectral
sampling interval (SSI)) using the KOPRA forward model and the KOPRA-fit retrieval
scheme. We then select a configuration, referred to as GEO-TIR, optimized for providing
information in the lowermost troposphere (LmT ; 0-3 km in height). For the GEO-TIR
configuration we obtain ∼ 1.5 degrees of freedom for O3 and ∼ 2 for CO at altitudes bet-
ween 0 and 15 km. The error budget of GEO-TIR, calculated using the principal contri-
butions to the error (namely, temperature, measurement error, smoothing error) shows
that information in the LmT can be achieved by GEO-TIR. We also retrieve analogous
profiles from another geostationary infrared instrument with SNR and SSI similar to the
Meteosat Third Generation Infrared Sounder (MTG-IRS) which is dedicated to numerical
weather prediction, referred to as GEO-TIR2. We quantify the added value of GEO-TIR
over GEO-TIR2 for a realistic atmosphere, simulated using the chemistry transport mo-
del MOCAGE (MOde`le de Chimie Atmospherique a` Grande Echelle). Results show that
GEO-TIR is able to capture well the spatial and temporal variability in the LmT for both
O3 and CO. These results also provide evidence of the significant added value in the LmT
of GEO-TIR compared to GEO-TIR2 by showing GEO-TIR is closer to MOCAGE than
GEO-TIR2 for various statistical parameters (correlation, bias, standard deviation)..
4.2.1 Introduction
Air quality (AQ) is associated with the near surface atmospheric composition of trace
gases and particles [Seinfeld et Pandis, 1997; Menut et Bessagnet, 2010]. AQ is quantified
using standards of concentration and deposition levels based on scientific knowledge of the
impact of these pollutants on human health and the environment. Among species targeted
by European policies, some are of greater concern as they more frequently exceed regula-
tory thresholds and require the public to be informed if this happens, examples include
ground-level ozone (O3), nitrogen oxides (NOx) and suspended particulate matter (PM).
Emissions of atmospheric pollutants from human activities are monitored and regulated
at the European level by directives focusing both on activity sectors and national ceilings.
Monitoring estimated and declared emissions is a challenge, owing to the complexity and
number of emission sources. Among these, combustion sources (traffic, industry, residen-
tial use) are major contributors and need to be better simulated by models [e.g., Cuvelier
et al., 2007; Vautard et al., 2007]. Carbon monoxide (CO), an O3 precursor, is a good
tracer for combustion processes, including wild fires [e.g., Turquety et al., 2009]. O3 is an
irritant which can affect severely the respiratory tract, in particular for people suffering
from respiratory diseases, children and the elderly.
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In the troposphere, the variability of sinks (including chemical losses such as from de-
position), source strengths and transport and mixing processes, induces significant short
term variations (one hour or less) of reactive species concentration (e.g., NOx). Rele-
vant temporal (1 hour) and spatial sampling scales (10 km x 10 km) for observations
are determined by : tropospheric lifetime of the species of interest ; characteristic time
scales for transport and mixing ; horizontal scales characterizing heterogeneities of direct
emission sources ; and characteristic time scales of sinks (e.g., chemical sinks, deposition)
and sources (e.g., photochemistry). Furthermore, for various AQ applications, it is also
important to provide observations of unpredictable emissions like forest fires or indus-
trial accidental releases. The challenge for space-borne observations relevant to AQ is to
measure accurately tropospheric trace gas composition at adequate spatial and tempo-
ral resolution [Martin, 2008]. Therefore, requirements to monitor AQ from space can be
quantified, bearing in mind that they complement current information from in-situ mea-
surements (e.g., from AQ networks, sondes, aircraft measurements). To complement this
in-situ information, denser data sets with continental/global coverage in the lowermost
troposphere (LmT ; defined to be the atmosphere between 0 and 3 km) are needed for most
species of interest (e.g., O3and CO) ; these can only be provided by satellite observations.
Over the last few decades, space-borne observations of tropospheric composition (e.g.,
profiles and/or columns of O3, CO) have been based on Low Earth Orbit (LEO) na-
dir viewing platforms : ERS-2/GOME-1 (Global Ozone Monitoring Experiment, Burrows
et al. [1999]) ; ADEOS/IMG (Interferometric Monitor for Greenhouse Gases, Kobayashi
et al. [1999]) ; Terra/MOPITT (Measurement of Pollution in the Troposphere, Drum-
mond et Mand [1996b]) ; Aqua/AIRS (Atmospheric InfraRed Sounder, McMillan et al.
[2005]) ; Aura/TES (Tropospheric Emission Spectrometer, Beer et al. [2001]) ; Aura/OMI
(Ozone Monitoring Instrument, Levelt et al. [2006]) ; METOP-A/IASI (Infrared Atmos-
pheric Sounding Interferometer, Clerbaux et al. [2009]) ; METOP-A/GOME–2 Callies
et al. [2000] ; ENVISAT/SCIAMACHY (Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography, Bovensmann et al. [1999]). Because LEO platforms sample
representative regions once or twice a day, they are not well adapted to the temporal
variability and spatial gradients generally exhibited by species of interest for AQ ma-
nagement and forecasts. From the point of view of AQ, the troposphere is thus signifi-
cantly under-sampled. Continental-scale observations on atmospheric composition must
be made at temporal resolutions appropriate for capturing the diurnal cycle (and shorter
temporal time scales) in pollutants, and at spatial resolutions appropriate for capturing
emissions and transcontinental transport of pollutants, or proxies for pollutants. The only
observing platform that can provide this information is a geostationary (GEO) platform
[Bovensmann et Orphal, 2005; Edwards, 2006]. Typically a GEO covers one third of the
Earth which is sufficient for covering Europe, our domain of interest concerning AQ. A
GEO platform has the following desirable features : large scale observations that capture
continental-scale emissions and processes (e.g., transport) ; repetitive observations to al-
low identification of temporal patterns and the production of long-term time-series ; near
simultaneous observations of key atmospheric composition variables ; high temporal reso-
lution observations to identify the temporal variability relevant to human society (e.g.,
diurnal and shorter time scales) ; and near-real-time observations for operational needs,
as in Numerical Weather Prediction (NWP) and AQ forecasting.
Several GEO missions have been proposed for AQ. In the USA, the GEO-CAPE mis-
sion [Edwards et al., 2009; National Research Council, 2007] is being recommended for
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launch in the 2020-2022 timeframe. In Japan, a similar mission (Meteorology and Air
Pollution-Asia (GMAP-Asia)) has been planned by the Japan Society of Atmospheric
Chemistry to monitor O3 and aerosols (including their precursors) from GEO (Akimoto
et al. [2008] ; http ://www.stelab.nagoya-u.ac.jp/ste-www1/div1/taikiken/eisei/eisei2.pdf,
Japanese version only). In Korea, the Geostationary Environment Monitoring Spectro-
meter [Lee et al., 2010] is proposed to be launched in 2017-2018 onboard a GEO satellite,
MP-GEOSAT of Korea Aerospace Research Institute. It would include an UV-Visible
Spectrometer to monitor trans-boundary pollution events in Asia-Pacific region.
In Europe, the GeoTrope [Burrows et al., 2004] and GeoFIS [Flaud et al., 2004; Orphal
et al., 2005] concept missions have been proposed to monitor tropospheric constituents at
high temporal and spatial resolution. The Meteosat Third Generation - Thermal Infrared
Sounder (MTG-IRS) is a planned mission to be launched from 2017. MTG-IRS will be
able to provide information on horizontally, vertically, and temporally resolved water
vapour and temperature structures of the atmosphere. It will also provide O3 and CO
measurements in the troposphere within the long-wave infrared and the mid-wave infrared
bands, respectively. The sentinel 4 UVN (ultraviolet-visible-near infrared) payload is also
a planned mission and will be embarked on the two MTG - Sounder (MTG-S) satellites
in GEO orbit over Europe ; there are planned for launch from 2017 and 2024 and UVN
is expected to provide measurements of O3 and nitrogen dioxide columns, and aerosol
optical depth. In order to complement the measurements provided by the Sentinel 4
UVN, the mission Monitoring the Atmosphere from Geostationary orbit for European Air
Quality (MAGEAQ) has been proposed as a candidate for the Earth Explorer Opportunity
Mission EE-8 call of the European Space Agency [Peuch et al., 2009 2010]. MAGEAQ is a
multispectral instrument (thermal infrared and visible) designed to provide measurements
of O3 and CO in the LmT. Ozone is a key species for AQ purposes because of its impact
on human health, ecosystem and climate [Seinfeld et Pandis, 1997] ; CO is a good tracer
of pollution which allows the detection of unexpected pollution events such as wild fires
(biomass burning) that impact AQ by long range transport [e.g., Pfister et al., 2004;
Guerova et al., 2006].
Current AQ forecasting systems make little direct use of satellite measurements of
chemical species, except through the use of global time-dependent chemical boundary
conditions from global assimilation and forecast systems like the one demonstrated in
the GEMS/MACC project (Global and regional Earth-system Monitoring using Satellite
and in-situ data / Monitoring Atmospheric Composition and Climate), [Hollingsworth
et al., 2008], or in the context of assessing biases and trends in emissions inventories [e.g,
Kopacz et al., 2010]. AQ systems mostly rely on surface observations to provide analyses
as is done by the French air quality forecasting and monitoring system, Prev’air [Honore´
et al., 2008]. Increased use of satellite observations (notably from GEO platforms) by AQ
forcasting systems is expected to improve their performance, with benefit to society.
In this paper, we describe a thermal infrared (TIR) instrument proposed for embarka-
tion onboard a GEO platform (called GEO-TIR), optimized for monitoring O3 and CO
in the LmT for AQ purposes. Tools used for modelling radiative transfer and performing
the retrieval of atmospheric state variables from remote measurements are described in
Section 4.2.2. Section 4.2.3 assesses the vertical sensitivity of the proposed instrument to
atmospheric state variables relevant to AQ, and provides estimates of retrieval errors. We
assess the added value of a GEO instrument dedicated to monitoring the LmT (GEO-
TIR) compared to an instrument measuring in the same bands but with characteristics
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primarily optimized for temperature and humidity (GEO-TIR2), with particular empha-
sis on the capability to monitor O3 and CO in the LmT. Retrieval studies are performed
for several typical European atmospheric composition profiles to characterize the instru-
ment configuration, and over atmospheric composition profiles covering Europe during
summer to provide assessment of the instrument vertical capabilities for a realistic atmos-
phere simulated by a state-of-the-art Chemistry Transport Model (CTM). Section 4.2.4
summarizes results and presents conclusions.
4.2.2 Retrieval of O3 and CO
4.2.2.1 The forward model
The forward model KOPRA (Karlsruhe Optimized and Precise Radiative transfer Al-
gorithm) is used to simulate the spectra measured by the proposed GEO-TIR instrument.
KOPRA [Stiller et al., 2002] is a fast line-by-line code especially developed for analysis of
data measured by high resolution interferometers. KOPRA was originally developed for
the retrieval of spectra from the MIPAS (Michelson Interferometer for Passive Atmosphe-
ric Sounding) instrument onboard ENVISAT [Fischer et al., 2008]. Recently it has been
applied to the analysis of spectra measured from IASI on METOP-A [Eremenko et al.,
2008].
Parallel to the forward calculation, KOPRA determines analytically the derivatives of
the spectrum with respect to atmospheric and instrument retrieval parameters, namely
the Jacobians [Ho¨pfner et al., 1998]. The KOPRA spectroscopic parameters are from the
MIPAS database [Flaud et al., 2003] for O3 and HITRAN 2004 [Rothman et al., 2005]
for other species. High resolution atmospheric radiance spectra have been generated for
cloud-free and aerosol-free conditions. Continua for carbon dioxide [Cousin et al., 1985]
and water vapour [Clough, 1995] are also included.
4.2.2.2 Retrieval scheme
By using the analytical derivatives of the spectral signal with respect to the atmos-
pheric state, a retrieval code was built around KOPRA. The retrieval code supports the
simultaneous analysis of multiple spectral microwindows and various retrieval schemes.
For the present analysis, the Tikhonov-Phillips regularization is employed [Tikhonov,
1963; Phillips, 1962b] :
xi+1 = xi + ( K
T
i
S−1y Ki + γL
T L)−1
[
KTi S
−1
y (y − F (xi))− γLT L (xi − xa)
]
(4.1)
where i is the index on the iterations, x is the vector of atmospheric state variables to be
retrieved, xa is the a priori profile, y is the vector of the measured spectral radiances, K is
the matrix of the partial derivatives of spectral radiances with respect to the atmospheric
state variables, Sy is the measurement error covariance matrix, F represents the nonlinear
forward model KOPRA, γ is a scalar user-defined regularization parameter, and L is a first
order finite differences matrix ; the T superscript represents the transpose. As commonly
done, the regularization parameter γ is chosen to be as small as possible and adjusted
empirically to avoid oscillations in the vertical profiles. The retrieval is performed from
0 to 39 km with a vertical step of 1 km ; above 39 km the radiative transfer model and
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Fig. 4.1 – MOCAGE O3 and CO a priori profiles and variances (diagonal elements of Se
considered in this study.
the retrieval scheme use a climatology. The state vector used in the retrieval scheme is
the natural logarithm of the volume mixing ratio (VMR) values. The O3 and CO a priori
profiles are an average over Europe during northern summer calculated with the CTM
MOCAGE (MOde`le de Chimie Atmospherique a` Grande Echelle, Peuch et al. [1999]), over
Europe during summer and are presented in Figure 4.1 along with the standard deviation
of the mean. In the troposphere, for both O3 and CO, the standard deviation is high near
the surface, low in the free troposphere and increases in the upper troposphere. The shape
of the CO and O3 profiles is standard for European summer conditions : the maximum
of CO is located at the surface and the concentration decreases with altitude ; for O3 the
opposite is the case. In this study, the a priori profile is kept constant in the horizontal
and in time to help distinguish between information provided by the measurement and
by the a priori.
4.2.2.3 Error budget
A linear approach is used to estimate the total error on the retrieved products. The
resulting total error consists of the following : the measurement error, the model parame-
ters error and the smoothing error [Rodgers, 2000].
The retrieval noise Sn is the mapping of the measurement noise Sy onto the retrieval. Its
error covariance matrix is calculated as :
Sn = Gy Sy G
T
y (4.2)
where Gy is the gain matrix defined as :
Gy = ( K
TSy K + γL
T L)−1 KT S−1y . (4.3)
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The model parameters error Sp represents the uncertainty of parameters used in the
radiative transfer simulation. The error covariance matrix for this contribution is :
Sp = Gy KbSb K
T
b
GTy (4.4)
where Sb is the error covariance matrix representing uncertainty of the parameters b, for
example interfering species or temperature. Kb represents the Jacobians with respect to
these parameters.
The smoothing error represents the error due to the limited vertical resolution of the
retrieval. The error covariance matrix of the smoothing error can be expressed as :
Ss = ( A− I)Se( A− I)T (4.5)
where I is the identity matrix, Se is the error covariance matrix of an ensemble of states
which describes the variability of the atmosphere. A is the averaging kernels matrix (AVK)
representing the sensitivity of the retrieval to the true state, calculated as :
A = Gy K = ( K
TSy K + γL
T L)−1 KT S−1y K. (4.6)
The total error covariance matrix is given by :
Sx = Sn + Sp + Ss. (4.7)
The errors described and discussed in this study correspond to the square roots of the
diagonal elements of the calculated covariance matrices. The error is assumed unbiased,
and is simulated randomly using a normal distribution.
4.2.2.4 Instrument configurations
The instrument configurations simulated in this study differ only by their Signal to
Noise Ratio (SNR) and their Spectral Sampling Interval (SSI). The SNR is calculated for
a surface temperature of 280 K. The noise is simulated with a Gaussian distribution with
a root-mean square (RMS) equal to the Noise Equivalent Spectral Radiance (NESR). The
SSI is calculated as SSI=1/(2*OPDmax), where OPDmax is the maximum optical path
difference for an Fourier Transform Spectrometers (FTS).
All the other parameters are identical for all the instrument configurations :
– The pixel size is 0.5 × 0.5 , which corresponds to the mesh size of the AQ model
we use.
– The field of view over Europe is between 32  N and 72  N and between 16  W and
36  E.
– The observation frequency is 1 hour.
– The spectral window for O3 is taken between 1000 cm
−1 to 1070 cm−1 and the one
for CO is taken between 2085 cm−1 and 2185 cm−1.
– They use the same apriori and regularization parameter (γ) : 1e3 for CO and 1e4
for O3
The objective is to evaluate the impact of the SNR and the SSI on the instrument sensiti-
vity to O3 and CO in the LmT, and to select a particular configuration for AQ purposes.
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4.2.3 Infrared instrument capabilities for O3 and CO
Remote sensing from space in the TIR band has shown its value in the study of atmos-
pheric chemistry [Clerbaux et al., 2003, and references therein]. Tropospheric observations
from LEO platforms have already demonstrated the potential for detecting constituents
relevant for AQ. For example, Clerbaux et al. [2008b] demonstrate that the CO pollu-
tion arising from large cities and urban areas can be distinguished from the background
transported pollution using MOPITT thermal IR retrievals during daytime and at lo-
cations where the thermal contrast (temperature at surface minus air temperature near
the surface) is significant. A study over the Indian subcontinent from Kar et al. [2008]
also shows that MOPITT provides information on LmT CO in selected continental re-
gions with strong thermal contrast and could be useful for pollution studies. Dufour et al.
[2010] present the capability of IASI to probe seasonal and day-to-day variations of lower
tropospheric ozone on the regional scales of highly populated areas. Kar et al. [2010] show
the possibility of detecting an urban signature in the tropospheric column ozone data
derived from TOMS (Total Ozone Mapping Spectrometer) and OMI satellite data. Shim
et al. [2009] discuss the spatial and day-to-day variability of TES O3 and compare this to
in situ data over the Mexico City Metropolitan Area at 600–800 hPa.
However, the main caveat of LEO satellites is their daily revisit time which does not al-
low them to observe the diurnal variability of atmospheric constituents. As a consequence,
the only practical approach to observe atmospheric composition from space with a revisit
time appropriate to the time scale of pollutants (∼ 1 hour) is from a geostationary orbit
[Edwards, 2006].
4.2.3.1 Optimum instrument characteristics onboard a Geostationary Plat-
form
Currently, six LEO instruments provide CO and/or O3 observations from the IR ther-
mal band ; four from a nadir viewing platform : MOPITT [Drummond et Mand, 1996a]
launched in 1999, AIRS [Aumann et al., 2003] lauched in 2002, TES [Beer, 2006] laun-
ched in 2004 and IASI [Clerbaux et al., 2009] launched in 2006 and 2 from a limb–viewing
platform : MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) [Fischer
et al., 2008] launched in 2002 and ACE (Atmospheric Chemistry Experiment) [Bernath
et al., 2005] launched in 2003. All these instruments are based upon FTS, except MOPITT
and AIRS which are a gas correlation radiometer and a grating spectrometer, respectively.
The spectral sampling interval (SSI) of the FTS instruments varies from 0.02 cm−1 for
ACE to 0.25 cm−1 for IASI. Recently, a study has been done to monitor pollution in the
lower troposphere from a drifting orbit with a Static Infrared Fourier Transform Interfe-
rometer (SIFTI), [Pierangelo et al., 2008]. SIFTI is defined with a SSI of 0.0625 cm−1 and
a NESR of 9.7 nW/(cm2.sr.cm−1) in the O3 spectral band and 0.91 nW/(cm2.sr.cm−1) in
the CO spectral band.
In this study, we define an “optimum” instrument in the TIR band with a SSI and
a Signal to Noise Ratio (SNR) chosen to obtain a maximum degree of freedom (DOF)
in the troposphere (0-15 km). The DOF is calculated as the trace of the AVK [Rodgers,
2000] and has been obtained for an idealized case where all the parameters (see section
4.2.2.4) are fixed except the SNR and SSI. Note that the DOFs depend on the instrument
configuration but also on the a priori and the retrieval method, which in this study is the
Tikhonov-Phillips regularization. For this idealized study, we retrieve two typical CO and
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O3 profiles over Europe, representative of a positive and a negative thermal contrast.
(a) (b)
Fig. 4.2 – Degrees of freedom (DOF) obtained for the O3 retrieval as a function of
spectral sampling interval and instrument noise (SNR) : (a) positive thermal constrast
(+2 K) ; (b) negative thermal contrast (-2 K). The DOFs have been obtained for an
idealized case where all the parameters (e.g, regularization) are fixed except the SNR and
the spectral resolution. The reference profile used to generate the synthetic measurement
spectral radiances and representing the true profile in the retrieval study is an average
of MOCAGE O3 over Europe from July 1
st, 2009 to August 31th, 2009 during daytime
for the positive thermal contrast and during nighttime for the negative thermal contrast.
The SNR is calculated for a surface temperature of 280 K. The blue cross corresponds
to the GEO-TIR instrument configuration and the red cross corresponds to GEO-TIR2
instrument configuration.
(a) (b)
Fig. 4.3 – Same as Figure 4.2 but for CO.
Etudes d’inversion de spectres atmosphe´riques d’O3 et de CO dans
l’infrarouge thermique 113
In Figures 4.2 and 4.3, different DOF values have been obtained as a function of the
SNR and the SSI of various TIR instruments. SNRs are taken between 50 and 3000 which
correspond approximately to a NESR between 4.5 and 90 nW/(cm2.sr.cm−1) for the O3
band and between 0.06 and 3.8 nW/(cm2.sr.cm−1) for the CO band. SSIs are taken bet-
ween 0.025 cm−1 and 1 cm−1 to cover a wide range of potential instrument configurations.
In this idealized study, only the measurement noise and the smoothing error (assumed
to be the dominant errors) are considered since it is not straightforward to adjust the
regularization parameter to minimize the total error for the 42 instrument configurations
arising from different SSI and SNR values. Two cases have been considered depending on
a positive thermal contrast (+2 K Figures 4.2a and 4.3a) and a negative thermal contrast
(-2 K Figures 4.2b and 4.3b). This accounts for the known dependence of the O3 and
CO retrieval on the thermal contrast for TIR measurements. For example, Deeter et al.
[2007] show that the sensitivity of MOPITT observations to CO concentrations in the
lower troposphere varies widely as a result of variability in thermal contrast conditions.
Landgraf et Hasekamp [2007] demonstrate using simulated radiances from TES that a po-
sitive thermal contrast enhances O3 sensitivity close to the surface and reduces sensitivity
at higher altitudes. For a positive thermal contrast (Figure 4.2), the DOFs for heights
below 15 km vary between 0.4 for the worst case (SNR=50 and SSI=3.2 cm−1) and 2.3
for the best case (SNR=3000 and SSI=0.025) for O3 ; and between 0.9 to 3.8 for CO. For
the negative thermal contrast (Figure 4.3), the DOFs vary from 0.35 to 2.15 for O3 and
from 0.9 to 3.5 for CO.
For AQ purposes, the main interest is to have a maximum of information in the LmT,
documenting residual layers that are capable of mixing with the planetary boundary layer
(PBL). Considering current IR instruments, technical feasibility and cost (Astrium-EADS,
personal communication) a DOF of ∼1.5 for O3 and of ∼2 for CO seems to be a good
compromise to have vertical information in the troposphere. Considering characteristic
values of DOFs providing information on O3 and CO in the LmT (DOF=1.5 and 2, res-
pectively), several pairs of (SNR, SSI) depending on the instrument concept (e.g. FTS,
grating spectrometer), can be envisaged. In this idealized study, we select one configura-
tion compatible for a FTS instrument (Table 4.1). However, on Figures 4.2 and 4.3, we see
that different SNR and SSI values can provide the same DOF ; for instance a higher SSI
allows to relax the SNR requirement. For this reason, the results hereinafter presented
with the chosen (SNR, SSI) pair do not depend on the instrument concept ; they only
depend on the SNR and SSI. For these specific configurations, the spectral microwindows
have been selected according to a previous study on IASI [Clerbaux et al., 1998; Turquety
et al., 2004] to avoid contamination by other species. The smoothing error, the measure-
ment error and the temperature error are considered for these specific configurations. The
contributions of the surface properties (surface temperature and emissivity) are not taken
into account since they are low [e.g, Clerbaux et al., 2008a; Boynard et al., 2009] com-
pared to other components (e.g., smoothing error). Note that the SSI and SNR selected
for GEO-TIR are equivalent to the ones chosen for the TIR sensor of MAGEAQ [Peuch
et al., 2010]. However, GEO-TIR does not simulate the full MAGEAQ instrument since
we do not consider the visible band nor the spatial resolution, which is ∼ 15 km (goal)
for MAGEAQ. Instead, we consider a pixel size of ∼ 50 km for GEO-TIR. Because this
study focuses on providing a first estimate of the capabilities of GEO-TIR in the LmT,
this is appropriate.
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(a) (b)
Fig. 4.4 – (a) Averaging kernels obtained for the O3 retrieval for a thermal contrast of 0
K : spectral sampling interval of 0.05 and a Signal to Noise Ratio (SNR) of 750 (0-4 km :
black, 5-9 km : red, 10-14 km : green, 15-20 km blue) ; (b) error budget as a function of
altitude for different error sources (see legend) for the same instrument characteristics as
in part (a).
Figures 4.4a and 4.4b present the AVKs for O3 for a thermal contrast equal to 0 K
corresponding to a SNR=750 and a SSI=0.05 cm−1 and its corresponding error budget,
respectively. The AVKs are calculated from 0 to 39 km with 1 km of vertical resolution
but plotted from 0 to 20 km to focus on the troposphere and to show the full shape of
the AVKs corresponding to the levels in the LmT. The lowermost maximum of the AVKs
is located at 5 km, above the PBL which is situated at 1-2 km at noon in summer. The
DOF obtained for heights below 15 km is 1.5. Figure 4.4b presents the different main
components of the total error : measurement, temperature, smoothing and a priori errors.
Given current absolute uncertainty in temperature observations, which is around 1 K
for IASI [Pougatchev et al., 2009], an improvement up to a total uncertainty of 0.5 K
will likely be achieved by combining the next generation satellite products like MTG-IRS
and contemporary meteorological analyses systems. Thus, we considered a temperature
uncertainty of 0.5 K at each vertical level. Such an assumption was made in Clerbaux
et al. [2008a]. The temperature and measurement errors on the retrieved profile are low
(less than 5%). The most important error is the smoothing error which is superimposed
with the total error in Figure 4.4b. At the surface, the total error (50%) is slightly lower
than the a priori error (57%). In the same way, at altitudes of 2 and 3 km, namely at the
top of the PBL or just above, the total error is lower than the a priori error : 15% instead
of 30%, and 12% instead of 25%, respectively.
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(a) (b)
Fig. 4.5 – Same as Figure 4.4 but for CO.
Figures 4.5a and 4.5b present the same results but for CO with SSI=0.05 cm−1 and
SNR=190. The lower maximum of the AVK is located at 3 km and the DOF obtained for
heights below 15 km is ∼2. The temperature error is larger than for O3 and can reach 5%
at the surface. The measurement error (around 2%) is still low compared to other error
components. At the surface, at 2 km and 3 km in altitude the total error is always lower
than the a priori error : 20%, 8% and 6% instead of 25% 11% and 10%, respectively.
Sensor Band SSI (cm−1) NESR (nW/(cm2.sr.cm−1)) SNR
GEO-TIR O3 0.05 6.04 750
GEO-TIR CO 0.05 1.00 190
GEO-TIR2 O3 0.625 24.5 180
GEO-TIR2 CO 0.625 6.12 30
Tab. 4.1 – GEO-TIR and GEO-TIR2 instrument characteristics in the O3 and CO thermal
infrared band : Spectral Sampling Interval (SSI), Noise Equivalent Spectral Radiance
(NESR) and Signal to Noise Ratio (SNR) calculated for a surface temperature of 280 K.
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As for AQ purposes we are interested in monitoring the LmT, we plot in Figure 4.6
the AVKs at the surface for CO and O3 as a function of the thermal contrast from -10
K to 10 K to quantify the vertical information content of GEO-TIR in the LmT. We
also simulate AVKs from another TIR instrument onboard a GEO platform, referred to
as GEO-TIR2, using the SNR and SSI of MTG-IRS [Stuhlmann et al., 2005], which is
dedicated to NWP (temperature and humidity). It has a SSI of 0.625 cm−1 for both O3 and
CO, and a NESR of 6.12 nW/(cm2.sr.cm−1) and 24.5 nW/(cm2.sr.cm−1) for the CO and
O3 spectral windows, respectively [Clerbaux et al., 2008a]. These noise values correspond
to an SNR of 30 and 185 for CO and O3, respectively, for a surface temperature of 280 K
(Table 4.1). As GEO-TIR for MAGEAQ, GEO-TIR2 does not simulate the full MTG-IRS
mission since we consider a pixel size ∼ 50 km for GEO-TIR2 (limited by the model mesh)
instead of ∼ 4 km for MTG-IRS and a revisit time of 1 hour which is at the upper limit of
the MTG-IRS capability. However, the relative comparison of GEO-TIR and GEO-TIR2
provides a reasonably accurate first order estimate of the vertical added value in the LmT
of GEO-TIR compared to GEO-TIR2. For CO (Figure 4.6) with high positive thermal
contrast (10 K), GEO-TIR can be sensitive at 1 km whereas for negative thermal contrast
it is sensitive at 5 km and above. GEO-TIR2 is also sensitive in the LmT for CO for high
positive thermal contrast, but the AVK values are low (AVKs < 0.1) compared to GEO-
TIR, for which values can reach 0.23. Concerning O3, GEO-TIR is less sensitive than for
CO in the LmT. However, with high positive thermal contrast AVKs for O3 can reach
0.15 at 3 km in altitude. GEO-TIR2 presents very low sensitivity in the LmT (AVKs <
0.04) even with high positive thermal contrast.
These results show that a nadir instrument with the characteristics described in this
section (GEO-TIR) can add information on O3 and CO concentrations in the LmT com-
pared to an instrument not optimized for AQ (GEO-TIR2). However, both GEO instru-
ments have generally little information at the surface. Such information may be provided
at particular locations by surface observations from European AQ networks. Studying the
complementarity of a GEO and surface AQ networks is a useful exercise, but outside the
scope of this paper.
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Fig. 4.6 – First averaging kernel (surface level) calculated for different thermal contrasts
from -10 K to 10 K for GEO-TIR (left) and GEO-TIR2 (right) for O3 (top) and CO
(bottom). Blue averaging kernels correspond to negative thermal contrast, red averaging
kernels correspond to positive thermal contrast and the black averaging kernel correspond
to a thermal contrast equal to 0 (see legend for line style).
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(a) (b)
(c) (d)
Fig. 4.7 – Surface temperature in K (a,b) and thermal contrast (surface temperature
minus air temperature near the surface) in K (c,d) on July 12th, 2009 from ARPEGE :
(left) 00 UTC ; (right) 12 UTC. Grey areas represent pixels with more than 50% of cloud
fraction. In (c,d) red indicates surface temperature is higher than the air temperature ;
blue indicates surface temperature is lower than the air temperature.
4.2.3.2 Geostationary observation system
To go a step further in our analysis, we simulate CO and O3 retrieved profiles over
Europe during summer, to better characterize the vertical added value of a TIR instrument
to monitor the LmT for a realistic atmosphere and not only for typical profiles as was done
in section 4.2.3.1. To study this added value, we first simulate the CO and O3 observations
from both platforms by sampling the atmosphere using the MOCAGE model [Peuch et al.,
1999], a state-of-the-art three-dimensional CTM from Me´te´o-France. MOCAGE simulates
interactions between dynamical, physical and chemical processes in the troposphere and
in the stratosphere. Its vertical resolution is 47 hybrid levels from the surface up to
5 hPa with a resolution of about 150 m in the LmT increasing to 800 m in the upper
troposphere. MOCAGE is used for several applications : chemical weather forecasting
at Me´te´o-France [Dufour et al., 2004] and data assimilation research [e.g., El Amraoui
et al., 2008b 2010]. MOCAGE is also used in the operational AQ monitoring system
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in France : Prev’air [Rou¨ıl et al., 2008] and in the pre-operational GMES atmosphere
core service [Hollingsworth et al., 2008]. In this study, we consider the European domain
with a horizontal resolution of 0.5 × 0.5 . The MOCAGE run which we sample is termed
the nature run. We considered an error on the temperature profile of 0.5 K for both
instruments (GEO-TIR and GEO-TIR2).
After sampling the atmosphere using MOCAGE (see above), the forward model KO-
PRA is used to generate corresponding atmospheric radiances seen by GEO-TIR and
GEO-TIR2 ; these include representative values of SSI and noise on the signal. After
producing these radiances, the KOPRA-fit retrieval scheme is used to produce CO and
O3 profiles for GEO-TIR and GEO-TIR2. To account for cloudy scenes, cloud estimates
from the ARPEGE meteorogical analysis [Courtier et al., 1991] are used to assign cloud
fraction to the observation pixels. Pixels with a cloud fraction greater than 0.5 are filte-
red out, accounting for cloud coverage over Europe. Taken together, the different steps
used to produce these CO and O3 observations (see above) are termed the geostationary
observation system (GOS).
Considering the high computational burden of such simulations, we select a day in
summer, namely July 12th, 2009, representative of a typical northern summer day, with
no meteorological or pollution major event, to simulate observations from both satellites
over Europe. The meteorological situation for July 12th, 2009, shows an anticyclone over
the Mediterranean sea and a low-pressure area over the North West of Ireland which
generates a westerly wind flow over Western Europe. That day was cloudy over Northern
Europe and clear over the Mediterranean Basin which leads to a European-wide cloud
cover of 50%, which is represented in Figure 4.7 by the grey area. Figure 4.7 represents
the surface temperature and the thermal contrast at 0h UTC and at 12h UTC on July
12th, 2009 from the ARPEGE model. During night, low surface temperature and negative
thermal contrast are observed over land (the latter can reach -8 K over France), whereas
during daytime high surface temperature and positive thermal contrast are observed (the
latter can reach 15 K over Spain or North Africa). Over sea the thermal contrast is close
to 0 K or slightly positive. In this study, the emissivity is equal to unity. This slightly
overestimates the impact of the thermal constrast. However, since we use the same thermal
constrast and emissivity for GEO-TIR and GEO-TIR2, the relative comparison between
these instruments should be meaningful.
4.2.3.3 Comparison of geostationary thermal infrared observations of O3 and
CO
Spatial distributions of retrieved O3 and CO
Figure 4.8 presents O3 concentrations at 3 km on July 12
th, 2009 during nighttime (00h
UTC) and daytime (12h UTC) simulated by MOCAGE (the nature run), and simulated
by the GOS for GEO-TIR and GEO-TIR2. The grey area corresponds to pixels with
more than 50% cloud-fraction, where retrievals are not done. MOCAGE CO and O3 fields
have not been smoothed by GEO-TIR and GEO-TIR2 AVKs in order to represent the
total error (see section 4.2.2.3) in the comparison with both satellites. In the nature run
(Figures 4.8c and f) maxima of O3 are observed over the Atlantic Ocean and France and
are moving from West to East. The main spatial patterns of O3 are represented well by
GEO-TIR (Figures 4.8a and 4.8d) with a minimum of O3 concentrations over North West
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Spain, North Africa and North East Iceland. The maxima are also well represented over
Spain and over the Mediterranean Sea. However Figures 4.8g and 4.8i show that the dif-
ferences (total error) between the nature run and GEO-TIR range between -40% (over
land) and 70% (over sea). Globally, GEO-TIR O3 concentrations are smooth compared to
the nature run : GEO-TIR minima are higher in magnitude than the nature run ones and
GEO-TIR maxima are lower in magnitude than the nature run ones. Over France during
nighttime, GEO-TIR does not capture the maxima of the O3 concentrations, whereas
during daytime, it captures well the maxima over Spain. Figures 4.8b, 4.8e, 4.8h and 4.8j,
representing the O3 concentrations from GEO-TIR2 and the relative differences from the
nature run, show a latitudinal gradient which suggests that GEO-TIR2 is more sensitive
to the upper layers of the atmosphere (strong vertical correlation in the covariance matrix
Sx, where the latitudinal gradient of O3 is strong and is contaminated by the a priori
information in the LmT.
Figures 4.9a and 4.9b represent the DOFs between 0 and 3 km obtained for GEO-
TIR for O3 over the same period studied previously, July 12
th, 2009. The DOFs are
between 0.3 and 0.85 depending on the thermal contrast and surface temperature (Figure
4.7). Over the land, during daytime and with a high positive thermal contrast and high
surface temperature, the DOFs are high (∼0.8) whereas during nighttime, with a negative
thermal contrast and low surface temperature, they are low (∼0.3). Over the sea, where
the thermal contrast is less sensitive to the diurnal variation (Figure 4.7), the DOFs are
about 0.5 both during daytime and nighttime. Figures 4.9c and 4.9d represent the DOFs
for GEO-TIR2. Similar remarks as for GEO-TIR can be made regarding the evolution
of the DOFs with the thermal contrast and the surface temperature but the values are
between 0.02 and 0.3. Figures 4.9e, 4.9f and 4.9g, 4.9h, represent the peak altitude of the
lowermost AVKs of the retrieved O3 from GEO-TIR and GEO-TIR2, respectively. This
diagnostic is used to determine the vertical sensitivity of the instrument to the LmT.
Over land, GEO-TIR is sensitive for O3 around 2 km during daytime and at 4 km during
nighttime whereas GEO-TIR2 is sensitive for O3 at 14 km during daytime and at 16
km during nighttime. Over sea, the lowermost maximum of the AVKs from GEO-TIR is
between 2 and 7 km and for GEO-TIR2 is between 14 and 17 km. Figures 4.9g and 4.9h
confirm that GEO-TIR2 is mainly sensitive for O3 in the upper troposphere and lower
stratosphere, which is in agreement with the latitudinal gradient of O3 concentrations
observed in Figures 4.8e, 4.8f and results found in section 4.2.3.1. The difference between
GEO-TIR2 and the nature run can reach 140% (e.g., over the Atlantic ocean).
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Fig. 4.8 – O3 fields in parts per billion by volume (ppbv) at 3 km on July 12
th, 2009 at 00
h UTC (nighttime : top and third row) and at 12 h UTC (daytime : second and bottom
row) simulated by the MOCAGE model (c and f), and simulated by the Geostationary
Oberving System of GEO-TIR (a and d) and GEO-TIR2 (b and e) instruments. Relative
difference (%) between simulated observations and model are shown for GEO-TIR (g and
i) and for GEO-TIR2 (h and j) for nighttime (g and h) and daytime (i and j). Grey areas
represent pixels with more than 50% of cloud fraction. In panels g-j, red indicates simula-
ted observations are higher than the model results ; blue indicates simulated observations
are lower than the model results.
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Fig. 4.9 – Degrees of Freedom obtained for O3 with GEO-TIR (a,b) and with GEO-TIR2
(c,d) instrument configuration on July 12th, 2009 at 00 h UTC (left) and at 12 h UTC
(right). The peak altitude (km) of the lowermost averaging kernels are represented for
GEO-TIR (e,f) and for GEO-TIR2 (g,h) on July 12th, 2009 at 00 h UTC (left) and at 12
h UTC (right) . Grey areas represent pixels with more than 50% of cloud fraction. Note
that the colour scales are different for GEO-TIR and GEO-TIR2.
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Figure 4.10 presents CO concentrations at 3 km on July 12th, 2009 during nighttime
(00h UTC) and daytime (12h UTC) simulated by the nature run and simulated with the
GOS for GEO-TIR and GEO-TIR2. In the nature run (Figures 4.10c and f), maxima
of CO are observed over the Atlantic Ocean, Western Spain and Italy and minima are
observed over the Atlantic Ocean. Figures 4.10a and 4.10b show that CO observations
from GEO-TIR are close to the nature run (Figures 4.10c and 4.10f). They present maxima
over North West Spain, in the Mediterranean Sea near Sardinia and Sicily and over Italy.
The minima are also well represented over North East Iceland, over South West Spain
and over the South East Mediterranean Basin. Figures 4.10g and 4.10i show that the
differences between GEO-TIR and the nature run are between -25% and 30% for CO and
are lower in magnitude than for O3. However, GEO-TIR CO concentrations are smoother
compared to the nature run ones (GEO-TIR minima in magnitude are higher than the
nature run ones and GEO-TIR maxima in magnitude are lower than the nature run ones).
Figures 4.10b, 4.10e, 4.10h and 4.10j present similar results for GEO-TIR2. In opposition
to the GEO-TIR2 O3 results, GEO-TIR2 is able to capture some CO horizontal spatial
patterns over North East Iceland and over North West Spain. However, the maxima of
CO concentrations in GEO-TIR2 observations over the South East Mediterranean Basin
are not comparable in magnitude with those of the MOCAGE nature run at 3 km of
altitude. Similar maxima are observed in the nature run around 11 km (not shown) which
may indicate that GEO-TIR2 observations of CO at 3 km can be affected by higher CO
concentrations at higher levels in altitude. The differences between GEO-TIR2 and the
nature run for CO are between -30% and 70%.
Figures 4.11a and 4.11b show that the DOFs for CO between 0 and 3 km obtained
for GEO-TIR are between 0.4 (over sea) and 1 (over land during daytime) and Figures
4.11c and 4.11d indicate that the DOFs obtained for GEO-TIR2 CO range between 0.2
and 0.5. Figures 4.11e and 4.11f show that GEO-TIR is sensitive for CO at 1 km during
daytime over land and between 3 and 4 km over sea and during nighttime. Figures 4.11g
and 4.11h show that GEO-TIR2 is sensitive for CO at the altitude of 1 km over particular
locations where there is very high positive thermal contrast. However, it is generally
sensitive between 5 and 6 km of altitude. The DOF between 0-15 km is ∼ 1 (not shown)
which means that GEO-TIR2 can monitor the tropospheric CO column as presented by
Clerbaux et al. [2004 2008a]. CO maxima can be detected when they are located in the
lower troposphere with high positive thermal contrast, whereas when the CO maxima are
located in the middle or upper troposphere (e.g. due to long range transport) GEO-TIR2
is sensitive to this maximum CO value and not to CO in the LmT. These results confirm
that the thermal contrast and the surface temperature affect both GEO-TIR2 and GEO-
TIR observations of CO and O3. Both satellites provide better results in the troposphere
for CO than for O3 since higher concentrations of CO are located in the troposphere
whereas higher concentrations of O3 are located in the stratosphere.
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Fig. 4.10 – Same as Figure 4.8 but for CO.
Etudes d’inversion de spectres atmosphe´riques d’O3 et de CO dans
l’infrarouge thermique 125
Night Day
D
O
F
G
E
O
-T
IR
a b
D
O
F
G
E
O
-T
IR
2
c d
A
lt
it
u
d
e
G
E
O
-T
IR
e f
A
lt
it
u
d
e
G
E
O
-T
IR
2
g h
Fig. 4.11 – Same as Figure 4.9 but for CO.
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Time-series of retrieved O3 and CO
In order to better represent the capabilities of GEO-TIR to capture the LmT variabi-
lity for O3 and CO, Figure 4.12 shows the time-series of the 0-3 km columns of O3 and
CO over these 6 European cities : Amsterdam, Berlin, London, Madrid, Paris and Rome
for the nature run, GEO-TIR and GEO-TIR2. Figure 4.13 presents the time-series of sur-
face temperature and thermal contrast over 6 European cities. Tables 4.2 and 4.3 present
the correlation, the bias and the standard deviation for O3 and CO between the nature
run and GEO-TIR, and the nature run and GEO-TIR2 for 0-3 km and 0-6 km columns for
these 6 cities. At the beginning of the period : from July 1st to July 4th, GEO-TIR is able
to capture well the maximum observed in the O3 columns over all 6 cities. GEO-TIR is
also able to represent well the minimum observed on July 11th, 2009 over London. In the
same way, over Madrid, GEO-TIR captures the diurnal variability, especially from July
7th, 2009 to July 12th, 2009. This period corresponds to high positive thermal contrast
with high surface temperature over Madrid, and high PBL depth with an increase of
O3 concentrations during the day seen by GEO-TIR. However, except over Madrid and
Rome, GEO-TIR tends to overestimate O3 concentrations between July 8
th, 2009 and
July 12th, 2009. This period corresponds to low or negative thermal contrasts and low
surface temperatures, so that GEO-TIR is less sensitive to the LmT. In these conditions,
the retrieved profiles are more contaminated by the a priori through the retrieval process.
Table 4.2 shows that the correlation for the O3 0-3 km column between the nature run
and GEO-TIR is between 0.71 and 0.81 and between 0.74 and 0.92 for the O3 0-6 km
column, which indicates good monitoring capabilities for the GEO-TIR in the LmT. The
bias between GEO-TIR and the nature run is mainly positive for the 0-3 and 0-6 km
columns which reflects the overestimation of O3 concentrations observed in Figure 4.12.
The standard deviation of the differences between GEO-TIR and the nature run is ∼12%
for the O3 0-3 km column and ∼8% for the O3 0-6 km column. As opposed to GEO-TIR,
Figure 4.12 and Table 4.2 show that GEO-TIR2 has very low sensitivity to O3 in the
LmT.
As for O3, GEO-TIR represents well the diurnal variability, the maxima and the mi-
nima over all 6 cities for the CO 0-3 km column (Figure 4.12). This indicates that even
with low thermal contrast GEO-TIR is able to capture the variability of the CO 0-3 km
column. The bias between GEO-TIR and the nature run is mainly negative (∼6% for
the CO 0-3 km column and ∼4% for the CO 0-6 km column) over all the 6 cities since
GEO-TIR captures the maxima of CO but with an under-estimation. This is because the
maximum values of CO in the nature run are located in the layer near the surface (0-
500m) where GEO-TIR is less sensitive. The standard deviation is ∼6% for the CO 0-3 km
column and ∼4% for the CO 0-6 km column. The correlation between the nature run and
GEO-TIR is between 0.79 and 0.90 for the CO 0-3 km column and between 0.85 and 0.91
for the CO 0-6 km column. Figure 4.12 and Table 4.2 also show that GEO-TIR2 presents
better results in the LmT for CO than for O3 as explained previously in section 4.2.3.1.
The correlation between GEO-TIR2 and the nature run for the CO 0-3 km column, is
between 0.39 and 0.74 and between 0.52 and 0.85 for the CO 0-6 km columns. Agreement
between GEO-TIR and the nature run is better than that between GEO-TIR2 and the
nature run, as evidenced by the higher correlations for the former comparison. This shows
the capabilities of GEO-TIR to measure O3 and CO in the LmT, and its added value with
respect to GEO-TIR2.
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Fig. 4.12 – Time-series of O3 (left) and CO (right) 0-3 km column (molecules/cm
2) from
July, 1st 2009 to July, 15th 2009 with a temporal resolution of 1 hour from the model
MOCAGE (black line), GEO-TIR (red line) and GEO-TIR2 (green line) over 6 European
cities, top to bottom panels : Amsterdam, Berlin, London, Madrid, Paris and Rome.
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Fig. 4.13 – Time-series of temperature at surface (red) and thermal contrast (black) in
K from ARPEGE model from July, 1st 2009 to July, 15th 2009 with a temporal resolution
of 1 hour over 6 European cities : Amsterdam, Berlin, London, Madrid, Paris and Rome.
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4.2.4 Summary and Conclusions
In this paper, we perform retrieval studies to evaluate the vertical capability of a nadir
TIR sensor with high SNR and SSI, onboard a geostationary platform, for monitoring O3
and CO in the lowermost troposphere (LmT ; 0-3 km) over Europe. For simulated O3 and
CO profiles, we calculate the DOFs for different instrument configurations (SNR and SSI)
for a positive (+2 K) and negative (-2 K) thermal contrast for an idealized case, considering
all the parameters (e.g., regularization) fixed except the SSI and the SNR. We note that
several instrument configurations can lead to the same DOF (a low SSI with a high SNR
can be equivalent to a high SSI with a low SNR). From these results, we select a particular
instrument configuration that is technically achievable (SSI=0.05 cm−1 and SNR=750 for
O3 ; SSI=0.5 cm
−1 and SNR=190 for CO), called GEO-TIR, and simulate the main error
components (smoothing error, measurement error and temperature error). For O3 and
CO, we find that an instrument with these characteristics can provide information in the
LmT. At an altitude of 2 km, the total error is lower than the a priori error : 15% instead
of 30% for O3 and 8% i nstead of 11% for CO.
MTG-IRS is a nadir TIR sensor which is planned to be onboard a geostationary
platform, and will be dedicated to measure temperature and humidity. However, as MTG-
IRS will be launched from 2018 and will measure radiances in the CO and O3 TIR bands,
we simulate an infrared geostationary instrument (GEO-TIR2) with SNR and SSI similar
to MTG-IRS to quantify the vertical added value of a nadir TIR sensor complementing
the air quality (AQ) observing system (GEO-TIR). To better characterize the vertical
information provided by GEO-TIR and GEO-TIR2 in the LmT, we retrieve two typical
profiles of O3 and CO for different thermal contrast, positive and negative. The shape
of the first averaging kernel (corresponding to the surface level) confirms that GEO-TIR
shows good sensitivity for CO in the LmT and for O3 for high positive thermal contrast.
However, GEO-TIR2 shows very low sensitivity in the LmT for O3 but can be sensitive
with high positive thermal contrast for CO.
Ozone and CO distributions over Europe as measured by GEO-TIR and the GEO-
TIR2 are simulated. This is done using results of the 3D CTM MOCAGE coupled with
a radiative transfer model KOPRA and its associated retrieval scheme KOPRA-fit. The
simulation of spatial variability during nighttime and daytime of GEO-TIR observations
shows that GEO-TIR simulates well the horizontal O3 and CO spatial patterns at 3
km compared to the nature run provided by MOCAGE. The maxima and minima in
magnitude are generally well detected but smoother compared to those in the nature run.
The DOFs calculated for 0-3 km are between 0.3 and 0.85 for O3 and between 0.4 and 1 for
CO, depending on the surface thermal contrast. Conversely, GEO-TIR2 shows very low
sensitivity to the O3 in the LmT and the concentrations at 3 km reflect the O3 latitudinal
gradient observed in the upper layers of the troposphere. The DOFs obtained for CO
in the troposphere is around 1 which indicates that GEO-TIR2 is sensitive to the CO
tropospheric column, and range between 0.2 and 0.5 for the 0-3 km column. In the case of
high positive thermal contrast and high surface temperature, GEO-TIR2 has sensitivity
to CO in the LmT. However, it is difficult to discriminate CO in the middle or upper
troposphere and CO in the LmT, because GEO-TIR2 has just CO column information
(DOF∼1). Simulations of the temporal evolution of the 0-3 km column show that GEO-
TIR is able to capture well the variability in O3 and CO and the diurnal cycle with high
positive thermal contrast and high surface temperature. The correlation between GEO-
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TIR and the nature run is between 0.71 and 0.81 for O3 (0-3 km column) and between
0.79 and 0.90 for CO (0-3 km column). Concerning GEO-TIR2, it presents very low
sensitivity to the O3 concentration in the LmT and some sensitivity to CO concentrations
with favourable conditions (e.g. high concentration in the LmT and high positive thermal
contrast). The correlations between the nature run and GEO-TIR2 are lower than the
GEO-TIR ones.
These results show that a nadir TIR sensor onboard a GEO platform with a specific
instrument configuration (high SNR and SSI) is sensitive to the LmT especially for posi-
tive thermal constrast and high surface temperature (typically over land during daytime)
for both CO and O3. We have shown that such a configuration (GEO-TIR) is capable of
bringing added value in the LmT compared to a configuration optimized for numerical
weather prediction (GEO-TIR2). In a subsequent study, we will perform observing system
simulation experiments (OSSEs) to further quantify the impact of such a satellite instru-
ment on AQ analyses and forecasts. Future work will also concern multispectral retrievals
to improve these measurements at the surface, with a methodology similar to that of
Worden et al. [2007b]; Landgraf et Hasekamp [2007] for TES and OMI concerning TIR
and the ultraviolet spectral region. In particular, adding channels in the visible (Chappuis
bands) as for the MAGEAQ instrument, should improve sensitivity to O3 concentrations
in the near surface, likely reaching between 2.5 and 3 DOFs for O3 in the troposphere,
and thus providing effective sounding capability for the LmT. For improving CO mea-
surements at the surface, one possibility is to add a near infrared band as was done by
Edwards et al. [2009] and proposed in GEO-CAPE. Regarding the relevance of the added
value of GEO-TIR, such a mission could be a key part of future plans for the Global
Observing System.
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4.3 Conclusions
Dans ce chapitre, nous avons e´value´ la capacite´ de deux sondeurs infrarouges ge´osta-
tionnaires permettant la mesure de l’ozone (O3) et du monoxyde de carbone (CO) dans
la basse troposphe`re : le premier GEO-TIR a des caracte´ristiques instrumentales opti-
mise´es pour sonder l’O3 et le CO dans la basse troposphe`re (fort rapport signal a` bruit et
e´chantillonage spectral fin) ; le second (GEO-TIR2) a des caracte´ristiques instrumentales
optimise´es pour sonder la tempe´rature et la vapeur d’eau ; mais les deux instruments me-
surent des luminances dans les meˆmes re´gions spectrales (l’infrarouge thermique). Cette
e´tude a montre´ que le sondeur GEO-TIR est capable de mesurer l’O3 et le CO avec
pre´cision dans la basse troposphe`re en quantifiant sa sensibilite´ verticale et horizontale. Il
a e´te´ montre´ que GEO-TIR est capable d’apporter une information pre´cise sur la colonne
de 0 a` 3 km de l’O3 et du CO avec une re´solution temporelle importante (1 heure). Le son-
deur GEO-TIR2 n’apporte que tre`s peu d’information sur l’O3 dans la basse troposphe`re,
mais peut en revanche, apporter de l’information pour le CO lors de forts contrastes ther-
miques et de fortes tempe´ratures de surface.
L’inte´reˆt majeur de GEO-TIR est donc son apport pour la surveillance et la pre´vision
de la qualite´ de l’air. Dans ce chapitre, nous nous sommes inte´resse´s aux donne´es inverse´es
d’O3 et de CO. Dans la dernie`re partie de la the`se, nous allons donc nous inte´resser a`
l’apport de GEO-TIR et de GEO-TIR2 pour la qualite´ de l’air sur l’Europe en assimi-
lant les observations synthe´tiques des deux instruments dans le mode`le de qualite´ de l’air
MOCAGE. Le but ultime e´tant d’avoir des mesures satellites ade´quates qui permettent
de contraindre de fac¸on optimale les mode`les de qualite´ de l’air afin d’en ame´liorer les
pre´visions.
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Ce chapitre s’appuie sur l’article Claeyman et al. [2010b] soumis dans la revue Atmos-
pheric Measurement Techniques.
M. Claeyman, J.-L. Attie´, V.-H. Peuch, L. El Amraoui, W. A. Lahoz, B. Josse, M. Joly,
J. Barre´, P. Ricaud, S. Massart, A. Piacentini, T. von Clarmann, M. Ho¨pfner, J. Orphal,
J.-M. Flaud and D. P. Edwards : A thermal infrared instrument onboard a geostationary
platform for CO and O3 measurements in the lowermost troposphere : Observing System
Simulation Experiments.
Dans la section 5.1, un re´sume´ long en franc¸ais de l’article est pre´sente´, l’article inte´gral
en anglais est introduit dans la section 5.2 puis la section 5.3 conclut sur les re´sultats du
chapitre.
5.1 Re´sume´ long de l’article 3
Comme nous l’avons vu dans le chapitre pre´ce´dent, pour mesurer la qualite´ de l’air
(QA) avec une re´solution temporelle et spatiale ade´quate, il est ne´cessaire d’utiliser une
plateforme ge´ostationnaire pour comple´ter au mieux a` la fois le syste`me d’observations
actuel (stations de surfaces, sondes, mesures ae´roporte´es ...) et les mode`les de QA uti-
lise´s pour re´aliser les pre´visions quotidiennes (e.g., Prev’air, Rou¨ıl et al. [2008], MACC
(Monitoring Atmospheric Composition and Climate, Hollingsworth et al. [2008])). Nous
avons e´value´ dans le chapitre pre´ce´dent l’information en concentration de monoxyde de
carbone (CO) et d’ozone (O3) dans la basse troposphe`re contenue dans la mesure de deux
satellites : GEO-TIR qui a des caracte´ristiques optimise´es pour mesurer le CO et l’O3
dans la basse troposphe`re (e´chantillonnage spectral : 0.05 cm−1 et rapport signal a` bruit :
750 pour l’O3 et 190 pour le CO respectivement) ; et GEO-TIR2 qui a des caracte´ristiques
similaires a` MTG-IRS (Meteosat Third Generation Infrared Sounder) de´die´ a` la mesure
de la tempe´rature et de la vapeur d’eau (e´chantillonnage spectral : 0.625 cm−1 et rap-
port signal a` bruit : 180 pour l’O3 et 30 pour le CO respectivement). Ces deux futurs
instruments mesurent dans la meˆme re´gion spectrale : l’infrarouge thermique.
Dans ce chapitre, nous allons e´valuer la valeur ajoute´e que peuvent apporter ces deux
satellites dans le mode`le de QA MOCAGE en utilisant une expe´rience de simulation
de syste`me d’observations (OSSE : observing system simulation experiment en anglais,
Atlas [1997]). Les OSSEs sont largement utilise´es en me´te´orologie pour de´terminer l’utilite´
de futurs instruments pour ame´liorer les pre´visions et les analyses me´te´orologiques [e.g.,
Lahoz et al., 2005; Stoffelen et al., 2006; Masutani et al., 2010b]. En revanche, peu d’OSSEs
ont e´te´ re´alise´es pour la chimie de l’atmosphe`re [e.g., Edwards et al., 2009; Timmermans
et al., 2009].
La figure 5.1 pre´sente les diffe´rentes e´tapes ne´cessaires a` la construction de l’OSSE
utilise´e dans cette e´tude :
La simulation de l’atmosphe`re vraie (nature run (NR) en anglais) :
Le NR vise a` repre´senter le plus fide`lement possible l’atmosphe`re “vraie”. Il est
produit en utilisant le mode`le MOCAGE dans la configuration juge´e la plus re´aliste.
Les observations synthe´tiques :
Afin de simuler le futur syste`me d’observations, les observations synthe´tiques de
GEO-TIR et GEO-TIR2 sont ge´ne´re´es en e´chantillonnant le NR en tenant compte
notamment de la ge´ome´trie d’observation, des caracte´ristiques de l’instrument, de
l’erreur sur la mesure, de la re´solution spatiale et temporelle.
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Fig. 5.1 – Sche´ma de l’expe´rience de simulation de syste`me d’observations utilise´e dans
cette e´tude.
La simulation de controˆle (control run (CR) en anglais) :
La simulation de controˆle pre´sente une autre repre´sentation de l’atmosphe`re que le
NR. Elle est simule´e avec MOCAGE mais des perturbations sont introduites pour
ge´ne´rer un e´tat diffe´rent du NR. Ide´alement les differences entre le NR et le CR
doivent eˆtre similaires aux diffe´rences observe´es entre les re´sultats d’un mode`le et
l’atmosphe`re re´elle.
L’assimilation (assimilation run (AR) en anglais) :
L’assimilation est produite en assimilant les observations synthe´tiques dans le CR.
Deux ARs sont re´alise´s : dans le premier les observations de GEO-TIR sont assi-
mile´es dans le CR et dans le second ce sont les observations de GEO-TIR2 qui sont
assimile´es.
La valeur ajoute´e des deux satellites est e´value´e en comparant statistiquement les re´sultats
des deux ARs et du CR avec le NR. Si les re´sultats des ARs sont significativement plus
proches du NR que le CR dans la basse troposphe`re, alors les instruments ont une valeur
ajoute´e pour la QA.
Afin de ge´ne´rer deux mois d’observations synthe´tiques de GEO-TIR et GEO-TIR2,
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nous avons mis en place une me´thode plus rapide que celle utilise´e dans le chapitre
pre´ce´dant, faisant intervenir pour chaque profil le mode`le de transfert radiatif KOPRA
puis le mode`le d’inversion KOPRA-fit. En effet, le flux de donne´es d’un sondeur geo-
stationnaire a` 0.5◦ est conside´rable : il y a ∼80 000 profils a` calculer chaque jour pour
chaque instrument. En raison de la forte de´pendance des mesures infrarouges au contraste
thermique entre tempe´rature de surface et tempe´rature de l’air [e.g. Deeter et al., 2007;
Eremenko et al., 2008; Clerbaux et al., 2009], nous avons e´tabli des tables de correspon-
dance entre le contraste thermique, les fonctions de balayage et les matrices de covariance
d’erreur pour chaque instrument et pour chaque espe`ce. La validation de cette me´thode
montre un tre`s bon accord entre les observations simule´es avec KOPRA et KOPRA-fit et
les observations simule´es avec les tables de correspondances. Cette me´thode a donc e´te´
retenue pour simuler les deux mois d’observations.
L’originalite´ de cette e´tude porte sur les tests de sensibilite´ de l’OSSE a` diffe´rents
parame`tres du NR pour ge´ne´rer les CRs et les ARs :
– EXP1 : modification des forc¸ages atmosphe´riques ; dans le NR nous avons utilise´
les analyses d’ARPEGE, le mode`le de pre´vision me´te´orologique de grande e´chelle
de Me´te´o-France alors que dans le CR et les ARs nous avons utilise´ les pre´visions a`
48h d’ARPEGE. On explore donc la capacite´ des syste`mes d’observations a` corriger
des erreurs sur la pre´vision me´te´orologique, toutes autres choses e´gales par ailleurs.
– EXP2 : modifications des e´missions ; dans le NR, l’inventaire d’e´missions utilise´ est
celui fourni par TNO [Visschedijk et Denier van der Gon, 2005] pour le projet GEMS
(Global and regional Earth-system Monitoring using Satellite and in-situ data).
Dans le CR et les ARs l’inventaire utilise´ est global avec une moins bonne re´solution
spatiale [Dentener et al., 2006]. Les deux inventaires ont des facteurs d’e´missions
journaliers et mensuels diffe´rents, et sur l’Europe, l’inventaire TNO est de meilleure
qualite´. On explore donc cette fois la capacite´ des syste`mes d’observations a` corriger
des erreurs sur les e´missions.
– EXP3 : modification de l’e´tat initial ; dans le NR, l’e´tat initial pour le 1er juillet
2009 est obtenu a` partir d’un champ fourni par une pre´ce´dente simulation. Dans le
CR et les ARs l’e´tat initial est modifie´ en prenant l’e´tat de la semaine pre´ce´dente.
Cette ope´ration est renouvele´e toutes les semaines pour ne pas perdre l’effet de l’e´tat
initial sur les concentrations de CO et d’O3. On explore ainsi la capacite´ des deux
instruments a` corriger une erreur initiale dans les champs 3D du mode`le.
– EXP4 : modification des 3 parame`tres pre´ce´dents ; dans cette expe´rience, nous avons
modifie´ les 3 parame`tres (forc¸ages atmosphe´riques, e´missions, e´tat initial) dans le
CR et les ARs. On e´value donc la capacite´ des deux instruments a` contraindre
diffe´rentes sources d’erreur en meˆme temps. Il s’agit de la configuration la plus
re´aliste pour l’OSSE.
Nous avons compare´ pendant deux mois (juillet et aouˆt 2009) les re´sultats du NR avec
ceux du CR et des ARs pour les 4 expe´riences en ve´rifiant pour chaque expe´rience que les
diffe´rents jeux de donne´es e´taient significativement diffe´rents. Nous avons assimile´ dans
cette e´tude uniquement les satellites ge´ostationnaires. On ne recherche donc pas un im-
pact direct a` la surface, mais plutoˆt dans la basse troposphe`re, ou` se trouvent les masses
d’air susceptible de se me´langer avec la couche limite´ plane´taire et d’influer sur les concen-
trations de surface. Par la suite, il faudra e´tudier l’apport combine´ des observations de
surface avec les satellites sur l’Europe pour raffiner notre e´tude.
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Les re´sultats montrent que pour quasiment chaque expe´rience et chaque statistique
(biais, e´cart type, correlation) l’assimilation de GEO-TIR est significativement plus proche
du NR que l’assimilation de GEO-TIR2 et le CR, a` la fois pour le CO et l’O3. L’impact de
GEO-TIR est essentiellement situe´ autour du bassin me´diterrane´en. Cependant, cet im-
pact est largement de´pendant de l’expe´rience. Dans l’EXP2, la modification de l’inventaire
d’e´missions entraˆıne un fort biais positif dans le CR que l’assimilation de GEO-TIR dimi-
nue de moitie´. Dans l’EXP1 et 3, l’assimilation permet d’augmenter significativement la
corre´lation et de diminuer l’e´cart-type par rapport au CR. La valeur ajoute´e de GEO-TIR
est situe´e a` la fois sur le continent et sur les mers. Ces diffe´rentes expe´riences montrent
e´galement que l’assimilation de GEO-TIR peut le´ge`rement de´te´riorer les analyses de la
colonne 0-3 km pour des zones particulie`res. Pour l’O3, l’impact de GEO-TIR est essen-
tiellement situe´ pour les altitudes supe´rieures a` 1 km alors que pour le CO, l’assimilation
de GEO-TIR impacte la surface.
L’assimilation de GEO-TIR2 n’apporte pratiquement pas de valeur ajoute´e pour l’O3
entre la surface et 5 km. En revanche, pour le CO l’assimilation de GEO-TIR2 permet de
re´duire les biais et les e´cart-types ainsi que d’augmenter la corre´lation calcule´e par rapport
au NR. L’apport de l’assimilation du CO de GEO-TIR est toutefois plus important,
notamment a` la surface.
Enfin, nous avons montre´ que pour des cas particuliers de fortes concentrations d’O3,
l’assimilation de GEO-TIR permet d’ame´liorer les scores de bonnes pre´visions de de´pas-
sement de seuil re´glemente´ pour la sante´ et de diminuer les taux de fausses alertes. Ceci
est particulie`rement important dans une perspective ope´rationnelle.
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5.2 Article 3 - A thermal infrared instrument on-
board a geostationary platform for CO and O3
measurements in the lowermost troposphere : Ob-
serving System Simulation Experiments
Abstract
This paper presents observing system simulation experiments (OSSEs) to compare the
relative capabilities of two geostationary thermal infrared (TIR) instruments to monitor
ozone (O3) and carbon monoxide (CO) for air quality (AQ) purposes over Europe. The
originality of this study is to use OSSEs to assess how these infrared instruments can
constrain different errors affecting AQ hindcasts and forecasts (emissions, meteorology,
initial condition and the 3 parameters together). The first instrument (GEO-TIR) has
a configuration optimized to monitor O3 and CO in the lowermost troposphere (LmT ;
defined to be the atmosphere between the surface and 3 km), and the second instrument
(GEO-TIR2) is designed to monitor temperature and humidity. Both instruments measure
radiances in the same spectral TIR band. Results show that GEO-TIR could have a signi-
ficant impact (GEO-TIR is closer to the reference atmosphere than GEO-TIR2) on the
analyses of O3 and CO LmT column. The value of the measurements for both instruments
is mainly over the Mediterranean Basin and some impact can be found over the Atlantic
Ocean and Northern Europe. The impact of GEO-TIR is mainly above 1 km for O3 and
CO but can also improve the surface analyses for CO. The analyses of GEO-TIR2 show
low impact for O3 LmT column but a significant impact (but lower than for GEO-TIR) for
CO above 1 km. The results of this study indicate the beneficial impact from an infrared
instrument (GEO-TIR) dedicated to monitoring O3 and CO concentrations in the LmT,
and quantify the value of this information for constraining AQ models.
5.2.1 Introduction
The atmospheric composition of pollutants in the lowermost troposphere (LmT ; de-
fined to be the atmosphere between the surface and 3 km) is a societal issue because
it is associated with air quality (AQ). Poor AQ can lead to negative health effects such
as respiratory problems, heart disease and lung cancer. Monitoring and forecasting AQ
is becoming routine (e.g., Prev’air in France, Honore´ et al. [2008]). This concerns both
gaseous and particle species and includes ground-level ozone (O3), nitrogen oxides (NOx)
and suspended particulate matter (PM), all of which are identified as potential health
hazards [Brunekreef et Holgate, 2002].
O3 is a key trace gas in the troposphere that plays a significant role in atmospheric
chemistry, air quality and radiative forcing [Jacob, 2000]. It is a secondary pollutant
produced by the photochemical oxidation of hydrocarbons and carbon monoxide (CO) in
the presence of nitrogen oxides (NOx). It is a precursor to the formation of the hydroxyl
radical which impacts the oxidizing capacity of the atmosphere. It is also an irritant gas
which can affect severely the respiratory tract and cause damage to vegetation [Seinfeld et
Pandis, 1997]. In Europe, tropospheric O3 levels increased rapidly between 1970 and 1990
as a result of increases in precursor emissions [e.g., Lamarque et al., 2005] ; but this increase
has slowed down or declined since 1990 [e.g., Oltmans et al., 2006]. CO is a reactive gas
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which also plays an important role in tropospheric chemistry [Jacob, 2000]. It is an O3
precursor and a tracer of pollution [Turquety et al., 2009]. In addition to atmospheric
chemical sources, CO is also a primary pollutant, emitted during incomplete combustion
processes, which makes CO a good tracer for urban/industrial fossil fuel burning [e.g.,
Branis, 2009], wildfires [e.g., Cristofanelli et al., 2009] and tropical biomass burning [e.g.,
Edwards et al., 2006; Pradier et al., 2006].
In Europe, despite the definition and the implementation of regulations and laws
regarding pollutants, AQ is still a concern for the public and the authorities. Reduction
of the AQ impact on health may be achieved both with long- and short–term actions
[Menut et Bessagnet, 2010]. Long–term actions concern global improvement of AQ by
reducing anthropogenic emissions. Short–term actions consist in anticipating pollution
events, a few days before they happen, to warn the public in advance in order to reduce
exposure and help authorities take effective emission reduction measures. AQ monitoring
and forecasting is required to achieve these actions.
Current monitoring and forecasting systems mostly rely on three-dimensional models
[e.g., Vaughan et al., 2004; McKeen et al., 2005; Honore´ et al., 2008; Hollingsworth et al.,
2008]. Traditionally, AQ monitoring has been done using measurements from ground-
based stations. Ground-based in situ observations have the disadvantage of an inhomoge-
neous spatial coverage, and present a strong variability in their spatial representativeness,
their measurement methods and correction factors [Ignaccolo et al., 2008]. The main ad-
vantage of satellite observations is the good spatial coverage. Ground-based observations
and satellite observations of pollutants complement each other ; the former sample the
surface, the latter sample in the vertical, typically as a column. For AQ purposes, sa-
tellite observations have to measure tropospheric composition at adequate spatial (∼10
x 10 km2) and temporal (∼1 hour) resolution [Fishman et al., 2008; Martin, 2008]. To
complement in situ information (e.g., AQ networks, sondes, aircraft measurements), den-
ser observations at continental scales in the lowermost troposphere (LmT ; defined to be
the atmosphere between the surface and 3 km) are needed for AQ relevant species (e.g.,
O3 and CO). These observations can only be provided by a Geostationary Earth Orbit
(GEO) platform [Bovensmann et Orphal, 2005; Edwards, 2006].
Several GEO missions have been proposed to monitor AQ. In the USA, the GEO-
CAPE mission [National Research Council, 2007] dedicated to the measurement of tro-
pospheric trace gases is planned toward the end of the decade. In Japan, a similar mission
has been proposed by the Japan Society of Atmospheric Chemistry to monitor O3 and ae-
rosols (including their precursors) from GEO [Akimoto et al., 2008] and has been recently
endorsed by the Japanese Space Agency (JAXA). In Europe, several GEO missions have
been proposed to monitor tropospheric constituents at high temporal and spatial reso-
lution such as GeoTrope [Burrows et al., 2004] and GeoFIS [Flaud et al., 2004; Orphal
et al., 2005]. The Meteosat Third Generation - Thermal Infrared Sounder (MTG-IRS) is a
planned mission to be launched from 2017. MTG-IRS will be able to provide information
on horizontally, vertically, and temporally resolved water vapour and temperature struc-
tures of the atmosphere. It will also be able to provide O3 and CO measurements in the
troposphere, using the long-wave infrared and the mid-wave infrared bands respectively.
The sentinel 4 UVN (ultraviolet-visible-near infrared) payload is also a planned mission
and will be deployed on the two MTG - Sounder (MTG-S) satellites in GEO orbit over
Europe ; UVN is expected to provide measurements of O3 and nitrogen dioxide column,
and aerosol optical depth. To complement Sentinel 4 UVN, the mission Monitoring the
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Atmosphere from Geostationary orbit for European Air Quality (MAGEAQ) has been
proposed as a candidate for the Earth Explorer Opportunity Mission EE-8 call of the
European Space Agency [Peuch et al., 2009 2010]. MAGEAQ is a multispectral instrument
(thermal infrared and visible) designed to provide height-resolved measurements of O3 and
CO in the LmT.
A method to determine the beneficial impact of future instruments is the Observing
System Simulation Experiment (OSSE) [Atlas, 1997]. This method is widely used in the
meteorological community for assessing the usefulness of new meteorological satellite data
[e.g., Lahoz et al., 2005; Stoffelen et al., 2006; Masutani et al., 2010b]. There are actually
few studies concerning OSSEs on chemical species. However, two recent OSSE studies
have been conducted concerning a GEO platform for AQ purposes. The first one consists
of an OSSE for CO in the LmT using a multispectral (near-infrared and thermal infrared)
instrument [Edwards et al., 2009]. The second one concerns a satellite imager to moni-
tor the aerosol optical depth to improve ground level particulate analyses and forecasts
[Timmermans et al., 2009].
The aim of this paper is to present a new OSSE for a GEO instrument in the thermal
infrared band (called GEO-TIR) with instrument characteristics optimized to monitor
O3 and CO in the LmT. GEO-TIR presents instrument characteristics (signal to noise
ratio : SNR and spectral sampling interval : SSI) equivalent to the thermal infrared ins-
trument proposed in the MAGEAQ mission and described in Claeyman et al. [2010c].
In order to accurately assess the impact of GEO-TIR O3 and CO observations in an AQ
model, we perform several OSSEs to evaluate the sensitivity of the analyses to various key
parameters : emissions, meteorology and initial conditions, and for all these parameters
simultaneously. We also perform OSSEs for another GEO thermal infrared instrument but
with instrument characteristics optimized for temperature and humidity (GEO-TIR2) to
evaluate the relative added value of GEO-TIR with respect to GEO-TIR2. GEO-TIR2
has SNR and SSI similar to those of MTG-IRS [Clerbaux et al., 2008b]. We first evaluate
the added value over Europe of GEO-TIR in the LmT column considering several sta-
tistical measures (correlation, bias, standard deviation) and then, the vertical impact of
GEO-TIR, considering several AQ statistical measures (e.g., good detection, false alarms,
missing events).
This paper is organized as follow. In section 5.2.2, we describe the OSSE method,
the chemistry transport model (CTM), the assimilation scheme used, the synthetic ob-
servations, the different experiments, and the statistical measures. In section 5.2.3, we
discuss the added value of GEO-TIR in an AQ model in the LmT, by comparison with
GEO-TIR2. Summary and conclusions are presented in section 5.2.4.
5.2.2 Methodology and experiment setup
5.2.2.1 The Observing System Simulation Experiment
Observing System Simulation Experiments [e.g., Atlas, 1997] are used to assess the
impact of future observing systems. To simulate a future observing system, existing obser-
vations are generally replaced by synthetic observations, generated by sampling a nature
run, according to the instrument characteristics (observational geometry, spatial and tem-
poral resolution, errors). In some cases, a subset of the future observations can be repre-
sented by current observations, but the observing platform of interest is always simulated
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(see Masutani et al. [2010a] for further discussion). In this study, the nature run simulates
the true state of the atmosphere and the synthetic observations are simulated through
the nature run ; no current observations are used. Synthetic observations are then assimi-
lated in the control run of the OSSE. The OSSE discussed is composed of the following
elements :
1. A nature run produced using a state-of-the-art model which represents the true
atmosphere ;
2. Synthetic observations which are sampled through the nature run corresponding to
the instruments considered ;
3. A control run, which yields an alternative representation of the atmosphere, different
from the nature run. In this study, the control run is a free model run and includes
no assimilated observations. The differences between the control run and the nature
run should ideally be similar to the differences between a state-of-the-art model and
the real atmosphere ;
4. An assimilation run using synthetic observations from the instruments of interest
generated from the nature run and the same model setup configuration as for the
control run ;
5. Assessment of the added value of the instruments of interest by statistical compari-
son between nature run, control run and assimilation run. In fact, the assessment is
based on the differences between the nature run and control run, and between the
nature run and assimilation run. If the difference between the assimilation and the
nature run is significantly smaller than the difference between the control run and
the nature run, we conclude that the instrument of interest has added value.
Note that in the OSSE described in this paper, the future observing system comprises two
GEO observing platforms and no other observations (e.g., ground stations). We think this
is justified because at this stage we are only interested in providing a reasonably accurate
first order estimate of the added value of the proposed observing platform. Furthermore,
because of model uncertainties, we focus in providing a comparison of the relative per-
formance of two instruments and not predicting the absolute performance of the two
instruments. In a later work, we will extend this study to include a more complete repre-
sentation of the future observing system, including the ground-based network, and refine
our estimate of the added value of the proposed observing platform.
The different elements of the OSSE are described in more detail below.
5.2.2.2 The reference atmosphere
The MOCAGE (MOde`le de Chimie Atmospherique a` Grande Echelle) model is used to
simulate the nature run. MOCAGE is a three-dimensional CTM for the troposphere and
stratosphere [Peuch et al., 1999] which simulates the interactions between the dynamical,
physical and chemical processes. It uses a semi-Lagrangian advection scheme [Josse et al.,
2004] to transport the chemical species. Its vertical resolution is 47 hybrid levels from the
surface up to 5 hPa with a resolution of about 150 m in the lower troposphere increasing to
800 m in the higher troposphere. Turbulent diffusion is calculated with the scheme of Louis
[1979] and convective processes with the scheme of Bechtold et al. [2001]. The chemical
scheme used in this study is RACMOBUS. It is a combination of the stratospheric scheme
REPROBUS [Lefe`vre et al., 1994] and the tropospheric scheme RACM [Stockwell et al.,
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1997]. It includes 119 individual species with 89 prognostic variables and 372 chemical
reactions.
MOCAGE has the flexibility to be used for stratospheric studies [El Amraoui et al.,
2008a] and tropospheric studies [Dufour et al., 2004]. It is used in the operational AQ
monitoring system in France : Prev’air [Rou¨ıl et al., 2008] and in the pre-operational
GMES (Global Monitoring for Environment and Security) atmospheric core service [Hol-
lingsworth et al., 2008].
The model uses 2 nested domains, at 2  over the globe and at 0.5  over Europe, from
32 N to 72 N and from 16 W to 36 E. The nature run simulation covers the period from
July 1st, 2009 to September 1st, 2009. The simulated field for July 1st, 2009 has been
obtained from a free run with RACMOBUS started from a June climatological initial
field. The meteorological analyses of Me´te´o-France, ARPEGE [Courtier et al., 1991] were
used to force the dynamics of the model every 6 hours. The emission inventory used in
the nature run is the inventory provided by TNO (Netherlands Organization for Applied
Scientific Research) [Visschedijk et Denier van der Gon, 2005], for the Global and regional
Earth-system Monitoring using Satellite and in-situ data (GEMS) project [Hollingsworth
et al., 2008] ; hereinafter noted GEMS-TNO. This inventory has a high spatial resolution
of ∼ 8 × 8 km2, and a temporal resolution of 1 hour. It is representative of the year 2003.
5.2.2.3 The synthetic observations
In this study, we generate synthetic observations for two nadir infrared GEO plat-
forms. The first one (GEO-TIR) has a SSI (0.05 cm−1) and a Noise Equivalent Spectral
Radiance (NESR : 1.00 nW/(cm2.sr.cm−1) and 6.04 nW/(cm2.sr.cm−1) for the CO and O3
spectral windows, respectively) dedicated to monitoring CO and O3 the LmT [Claeyman
et al., 2010c]. The second one (GEO-TIR2) has the same SSI (0.625 cm−1) and NESR
(6.12 nW/(cm2.sr.cm−1) and 24.5 nW/(cm2.sr.cm−1) for CO and O3 spectral windows,
respectively) as MTG-IRS [Stuhlmann et al., 2005]. Considering the high computing cost
associated with generating OSSEs, we define a pixel size of 0.5 × 0.5 , corresponding to
the model spatial resolution and a revisit time of 1 hour for both instruments. A resolution
of 0.5 × 0.5  for AQ monitoring over Europe is commonly used in operational systems
(e.g., Prev’air in France, Honore´ et al. [2008]). Also, we focus here on O3 and CO, not on
NO2 and PM that have more spatial variability.
To represent the synthetic observations in the OSSE, we need temperature and water
vapour fields and their uncertainty. Following the MTG-IRS retrieval study of Clerbaux
et al. [2008a], we assign uncertainties at each vertical level of 0.5 K for temperature and
10% for water vapour. The number of pixels at 0.5 × 0.5  of an instrument onboard a
geostationary platform is very important. In our case, we have to consider about 100 000
profiles per instrument per species per day over the defined domain (Europe). Thus, to
study 2 months of synthetic observations for the 2 instruments, we set up a method much
faster than using detailed radiative transfer and retrievals models. In the following we
define the method and its validation.
Retrievals of LmT O3 and CO in the infrared strongly depend on the thermal contrast
between the surface and the air immediately above it [see e.g., Deeter et al., 2007; Ere-
menko et al., 2008; Clerbaux et al., 2009]. Several parameters (e.g., measurement and
temperature error) have to be taken into account to assess the sensitivity of such re-
trievals. However, among these errors, the smoothing error is the main contributor to
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the shape of the averaging kernels, which represents the sensitivity of the retrieval to
the true atmosphere at different altitudes. From these averaging kernels, one can deduce
for example the surface sensitivity of the retrieval. Because of the strong dependence of
the averaging kernels on the thermal contrast, we construct a look-up table containing
the specific values of the thermal contrast and their corresponding averaging kernels. In
addition, to refine the method, we include in the look-up table other errors such as the
measurement error and the temperature error, assuming a linear regime between ther-
mal contrast and retrieval. This look-up table is built using the forward model KOPRA
(Karlsruhe Optimized and Precise Radiative transfer Algorithm) [Stiller et al., 2002]. The
retrieval system KOPRA-fit [Ho¨pfner et al., 1998], based on the Tikhonov-Phillips regu-
larization is also employed [Tikhonov, 1963; Phillips, 1962b]. We generate the averaging
kernels and the corresponding covariance matrix error for several thermal contrast values
between -20 K and 20 K with a step of 0.2 K representing a total number of 201 values for
each instrument configuration. The range of thermal contrast values has been established
using statistics on the thermal contrast found in the temperature analyses of the current
version of the ARPEGE global model. This method allows us to provide quickly (with a
speed up factor of more than 70 in terms of CPU) the required parameters (errors and
averaging kernels) that correspond to any thermal contrast. From these parameters we
reconstruct the different trace gas profiles using the quantity [Rodgers, 2000] :
xrsim = Axt + (I − A)xa + ε (5.1)
with xrsim the simulated retrieved profile, xt the true profile corresponding to the calcu-
lated profile (nature run) from MOCAGE CTM, xa the a priori profile - a climatology
over Europe calculated from the MOCAGE model and A the averaging kernel matrix. ε is
defined as a random Gaussian error with a standard deviation corresponding to the square
root of the diagonal elements of the error covariance matrix. Note that these quantities
are defined in terms of ln(VMR), where VMR stands for the volume mixing ratio. For
further details on the averaging kernel shapes and covariance matrix errors of GEO-TIR
and GEO-TIR2 the reader should refer to Claeyman et al. [2010c].
A similar method was used in Edwards et al. [2009] to simulate CO infrared obser-
vations using 3 different averaging kernel sets. We validate the method by comparing
the values from the look-up table and the results calculated with the comprehensive
KOPRA-fit method. The details of the statistics obtained for the validation exercise for
both GEO-TIR and GEO-TIR2 and for observations at altitudes between the surface
and 10 km are shown in Table 5.1. The statistics show a very good agreement between
the values provided by the look-up table and the KOPRA-fit method. All the correlation
coefficients are greater than 0.9 for both O3 and CO, and for the two instrument configu-
rations. In addition, standard deviations (between 1.7% and 4.8%) and biases (between
-0.4% and 1.3 %) are small. Moreover, the histograms of the relative difference between
the look-up table and KOPRA-fit (not shown) show a Gaussian-like shape around the
value 0 confirming the validity of the simplified approach.
We then use the look-up table to generate observations for two instrument configura-
tions (GEO-TIR and GEO-TIR2) over the two months of the study. To account for cloudy
scenes, cloud estimates from meteorological ARPEGE analyses are used to assign a cloud
fraction to the observation pixels. Pixels with a cloud fraction greater than 0.5 are filtered
out. The vertical grid is provided by the retrieval, with a step of 1 km from the surface to
39 km. Since we are interested in the relative added value, we use for both instruments
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Tab. 5.1 – Correlation coefficient, standard deviation (%) and bias (%) between obser-
vations generated with the look-up tables and observations generated with KOPRA-fit,
calculated with respect to observations generated with KOPRA-fit for O3 (1
st and 2nd
columns) and CO (3rd and 4th columns) and for the configurations of GEO-TIR (2nd and
4th columns) and GEO-TIR2 (1st and 3rd columns). These statistics have been calculated
for data with altitudes between the surface and 10 km.
GEO-TIR O3 GEO-TIR2 O3 GEO-TIR CO GEO-TIR2 CO
Corr. Coeff. 0.99 0.99 0.99 0.93
Stdev (%) 4.4 2.3 1.7 4.8
Bias (%) -0.8 1.3 0.1 -0.5
the same approximations to generate the observations. This makes the problem tractable,
and is not expected to change the results.
5.2.2.4 The assimilation scheme
The assimilation system used in this study is MOCAGE-PALM [Massart et al., 2005].
The assimilation module is implemented within the PALM framework [Buis et al., 2006].
The used assimilation technique is the 3D-FGAT (First Guess at Appropriate Time,
Fisher et Andersson [2001]). This technique is a compromise between the 3D-Var (3d-
variational) and the 4D-Var (4d-variational) methods. It has been validated during the
assimilation of ENVISAT data project (ASSET, Lahoz et al. [2007]) and has produced
good quality results compared to independent data and other assimilation systems [Geer
et al., 2006]. Further details on the assimilation system can be found in Massart et al.
[2009], El Amraoui et al. [2008b] and Claeyman et al. [2010a]. We use in this study an
assimilation window of 1 hour.
5.2.2.5 The experiments
To study the sensitivity of the OSSEs to various key parameters, we perform several
experiments summarized in Table 5.3. For these simulations, we also used MOCAGE but
with different degraded configurations in order to have an alternative representation of
the atmospheric composition, a priori less realistic than the nature run. For all experi-
ments (except the nature run), we perform 3 simulations : the control run without data
assimilation, the assimilation run with assimilation of GEO-TIR and the assimilation run
with the assimilation of GEO-TIR2.
The first sensivity test concerns the input meteorological forcings. In the nature run
we use the ARPEGE analysis every 6 hours whereas in the control run and assimilation
run we use instead 48 hour forecasts every 6 hours. It is denoted hereafter EXP1.
In a second sensitivity test, we change the emission inventory. Instead of the detailed
GEMS-TNO inventory used in the nature run, we use a global inventory where emissions
are given as a monthly mean for biomass burning and a yearly mean for other sources
[Dentener et al., 2006] representing the year 2000 (EXP2). Both inventories use different
daily and monthly emission factors. Figure 5.2 shows the emission map of CO and NOx
Expe´riences de simulation de syste`me d’observations d’un capteur
infrarouge ge´ostationnaire 147
(NO+NO2, an O3 precursor), emitted over Europe on July 6
th, 2009 according to both
inventories. In the GEMS-TNO inventory, emissions show a higher variability than in the
global inventory. For example, over Paris or over Madrid the maximum values are higher
in the GEMS-TNO inventory, whereas in Northern Europe or in Spain over rural areas,
CO and NOx emissions are lower in the GEMS-TNO inventory. However, both inventories
show the same emissions of NOx from ships. In Figure 5.3, the emission diurnal cycle is
shown for CO and NOx and emissions are accumulated over Europe for each hour of July
6th, 2009. Generally, more CO and NOx are emitted by the global inventory than by the
GEMS-TNO inventory but locally over large European cities the opposite is the case.
Three peaks are observed in the global inventory at 6h, 12h and 18h UTC for both CO
and NOx emissions whereas only 2 are observed at 8h and 17h UTC for CO, and at 8h
and 18h UTC for NOx in the GEMS-TNO inventory.
In the third sensitivity test, the initial conditions are modified (EXP3). In the nature
run, the initial condition from July 1st, 2009 is provided from a previous free run. For the
control run and the assimilation runs, we change the initial condition every week by taking
the field from the nature run one week before (e.g., the initial field from July 1st, 2009 in
the control run and assimilation runs is provided by the field from May 25th, 2009 from the
nature run). We repeat this change every week to keep a significant difference between
the nature run and the control run (see section 5.2.3) ; after one week the influence of
the initial condition is very low in the LmT on O3 and CO concentrations (not shown).
This modification introduces discontinuity in the O3 and CO time-series, and this effect
is considered in the next section.
The last experiment (EXP4) involves all of the 3 sensitivity tests (meteorology, emis-
sions and initial condition). This experiment contains the main errors encountered in an
AQ model [e.g., Menut et Bessagnet, 2010], except the chemical scheme and the transport
scheme which are kept the same for all experiments presented here. Although this may
impact the results of the study, we consider that for this OSSE, the nature run and the
control run, and the nature run and the assimilation runs have enough realistic differences
to make the experiments meaningful (see section 5.2.3).
Table 5.2 presents the correlation, the bias and the RMS between the 4 control runs
(EXP1a, EXP2a, EXP3a and EXP4a) and the nature run averaged over 2 months over
Europe (see domain in Figure 5.2). The 4 sensitivity tests generate different errors :
EXP1a is characterized by high RMS (∼10 % for O3 and ∼7 % for CO) and low bias
(0.19 % for O3 and -1.02 % for CO) ; EXP2a by high bias (∼8 % for O3 and CO), high
correlation (>0.9) and low RMS (∼5%) ; EXP3a by a low correlation (<0.7), high RMS
(∼13 % for O3 and ∼8 % for CO) and low bias (∼2%). EXP4a mixes up all these effects
and is characterized by high bias (∼7 %), high RMS (∼17 % for O3 and ∼11 % for CO)
and low correlation (∼0.5). The 4 experiments have thus different characteristics and can
bring information on the capabilities of GEO-TIR and GEO-TIR2 to constrain several
parameters in the LmT.
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Tab. 5.2 – Correlation, bias and RMS in % calculated for ozone and CO LmT column
between the nature run and the control run for the 4 experiments averaged over 2 months
(July and August 2009).
Ozone CO
Experiment Corr. Bias (%) RMS (%) Corr. Bias (%) RMS (%)
EXP1 0.793 0.19 10.42 0.780 -1.02 6.78
EXP2 0.935 8.60 5.31 0.919 8.46 5.22
EXP3 0.693 2.07 12.98 0.693 1.73 8.13
EXP4 0.528 7.78 17.27 0.545 7.11 11.41
Tab. 5.3 – Description of the different experiments. The NR experiment represents the
nature run or the true atmosphere. The experiments with a change in the meteorology,
emissions and initial condition are referred as EXP1, EXP2 and EXP3, respectively. The
experiments with a change in the meteorology and emission and initial condition are re-
ferred as EXP4. The a, b and c extensions represent the experiments with no assimilation,
with assimilation of GEO-TIR2 and with assimilation of GEO-TIR, respectively. See text
for further details.
Experiment Meteorology emissions Initial condition Assim
NR ARPEGE analysis GEMS free run No
EXP1a ARPEGE forecast 48h GEMS free run No
EXP1b ARPEGE forecast 48h GEMS free run GEO-TIR2
EXP1c ARPEGE forecast 48h GEMS free run GEO-TIR
EXP2a ARPEGE analysis GLOBAL free run No
EXP2b ARPEGE analysis GLOBAL free run GEO-TIR2
EXP2c ARPEGE analysis GLOBAL free run GEO-TIR
EXP3a ARPEGE analysis GEMS changed every week No
EXP3b ARPEGE analysis GEMS changed every week GEO-TIR2
EXP3c ARPEGE analysis GEMS changed every week GEO-TIR
EXP4a ARPEGE forecast 48h GLOBAL changed every week No
EXP4b ARPEGE forecast 48h GLOBAL changed every week GEO-TIR2
EXP4c ARPEGE forecast 48h GLOBAL changed every week GEO-TIR
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(a) (b)
(c) (d)
Fig. 5.2 – Total CO emitted by day and by model mesh (0.5  ) over Europe on July 6th,
2009 with GEMS-TNO emission inventory (a) and global emission inventory (b). (c) and
(d) are as (a) and (b) but for NOx=NO+NO2.
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Fig. 5.3 – Diurnal cycle of CO (black line) and ozone (red line) total emissions over
Europe for the GEMS-TNO emission inventory (solid line) and for the global emission
inventory (dashed line) for the July 6th, 2009.
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5.2.2.6 Statistical Analysis
The impact of the observations (GEO-TIR and GEO-TIR2) is evaluated by comparing
the results from the control run and the assimilation runs with the “truth” represented by
the nature run. To provide a degree of robustness to our OSSEs, we perform significance
tests to check at the 0.95 and 0.99 confidence limit if differences between the control run
and the nature run and differences between the assimilation runs and the nature run are
significant, as was done in Lahoz et al. [2005]. The null hypothesis is that the means of
the differences between the control run and the nature run and the differences between
the assimilation runs and the nature run are the same. The datasets have sufficient data
to assume a normal distribution.
We used the two-sample hypothesis z-test defined as :
Z =
| CR−NR | − | AR−NR |√
σ2CR−NR
N
+
σ2AR−NR
N
(5.2)
where NR is the nature run dataset, CR is the control run dataset, AR is the assimilation
run dataset, σ is the root–mean square (RMS) and N is the number of grid points. Vertical
lines indicate absolute value.
Furthermore, in order to quantify the GEO-TIR and GEO-TIR2 added values, we com-
pute indicators commonly used in AQ modelling evaluation : absolute difference, RMS
difference and temporal correlation. For the protection of public health, the WHO [World
Health Organization, 2005; Krzyzanowski et Cohen, 2008] has established a threshold at
100 μg.m−3 of O3 concentrations for the daily maximum of a 8-hour running average. We
use this threshold to calculate 3 contingency tables : the percentage of good detections
(GD), the percentage of correct analyses above threshold (GD+) and the percentage of
false alarms (FA) calculated as follows :
GD = 100× (NR1 AR1 + NR0 AR0)
N
(5.3)
GD+ = 100× NR1 AR1
NR1
(5.4)
FA = 100× NR0 AR1
AR1
(5.5)
where NR1 AR1 represents the number of grid points where the nature run is greater than
100 μg.m−3 and the assimilation run (or control run) is above 100 μg.m−3 ; NR0 AR0
represents the number of grid points where the nature run is less than 100 μg.m−3 and
the assimilation run (or control run) is less than 100 μg.m−3 ; N is the number of all grid
points ; NR1 represents the number of grid points where the nature run is greater than
100 μg.m−3 ; NR0 AR1 represents the number of grid points where the nature run is less
than 100 μg.m−3 and the assimilation run (or control run) is greater than 100 μg.m−3 ;
and AR1 represents the number of grid points where the assimilation run (or control run)
is greater than 100 μg.m−3.
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5.2.3 Results
5.2.3.1 Validation of the nature run
We compare the nature run provided by the MOCAGE model to O3 and CO ground-
based station observations over France from July 1st, 2009 to August 31th, 2009, to verify
that the nature run is representative of the “true atmosphere”.
Figure 5.4 shows the time-series of CO (panels a and b) and O3 (panels e and f)
simulated by MOCAGE (nature run) and observed by ground stations over France in
July and August 2009. CO from the nature run is generally higher than CO from ground
stations. Some maxima are well represented (e.g., 28th and 29th July, 2009), some maxima
are overestimated (e.g., 10th August, 2009) and some other are underestimated (e.g., 19th
August, 2009). However, most importantly, the CO concentrations simulated in the nature
run are in the same range of values (globally between 50 and 500 μg.m−3) as those observed
by ground stations, and show similar temporal variability. O3 concentrations simulated
in the nature run are also globally overestimated compared to ground measurements.
However, the diurnal cycle of production and destruction of O3 is well represented in the
nature run. The minima of O3 in the nature run are generally overestimated, except over
particular periods, where the nature run and the observations show a good agreement
(e.g., from July 28th to August 1st ; from August 5th to August 6th or from August 16th
to August 20th).
Table 5.4 shows the correlation, the bias and the RMS between the nature run and
the ground stations over France on a hourly mean basis for O3 and CO. The correlation
coefficients are 0.76 and 0.63 for O3 and CO, respectively. For both O3 and CO a positive
bias is observed (12 μg.m−3 (∼18 %) and 19.9 μg.m−3 (∼17 %), respectively). The RMS
is larger for CO (59.9 μg.m−3 ∼52 %) than for O3 (18.2 μg.m−3 ∼26 %) likely because
CO concentrations have a great variability and can be locally very high at the surface (>
1000 μg.m−3).
Despite the fact that the simulations are performed using a horizontal resolution of
0.5 × 0.5 , the results concerning the comparison between ozone surface observations and
the nature run over France are comparable to those commonly observed in the current
state-of-the art AQ forecasting. For example, Pagowski et al. [2006] computed bias, RMS
and correlation of hourly concentration forecasts over the Eastern USA and Southern
Canada for July and August 2004. They used seven AQ models compared to hourly surface
ozone measurements over 350 sites. The bias ranges between 10.6 and 62.2 μg.m−3, the
RMS between 33.0 and 74.9 μg.m−3 and the correlation between 0.55 and 0.72. In another
study using the French AQ forecasting system Prev’air, Honore´ et al. [2008] found a bias
for the ozone hourly forecasts of 12.3 μg.m−3, a RMS of 28.2 μg.m−3 and a correlation
of 0.67. Finally, the scores found for the nature run are in the same range of values than
Pagowski et al. [2006] and Honore´ et al. [2008] which indicates that the nature run can
be assumed to be representative of the “true atmosphere” over the European domain.
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Fig. 5.4 – Timeseries of the CO concentrations from the nature run (orange) and measu-
red by ground based stations (purple), averaged each hour over France in July 2009 (a)
and August 2009 (b) and respective differences between the nature run and the surface
observations (c and d) . e, f, g and h are as a, b, c and d but for O3. For CO, all types
of ground based stations are considered because of their limited numbers, whereas for O3
only “rural“ ground stations are considered in order to be closer to the model resolution
of 0.5 × 0.5 .
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Tab. 5.4 – Correlation coefficients (2nd column), biases (3rd column) and root–mean
square (4th column) in μg.m−3 and in % (in brackets) between ground based station
observations and MOCAGE nature run for France from July 1st, 2009 to August 31th,
2009 computed on an hourly mean basis.
Species Corr. Bias RMS
Ozone 0.76 12.0 (∼18 %) 18.2 (∼26 %)
CO 0.63 19.9 (∼17 %) 59.9 (∼52 %)
5.2.3.2 Spatial distribution of the impact of geostationary infrared measure-
ments in the lowermost troposphere
Figure 5.5 presents the area of Europe where differences between various experiments
are significant at the 0.95 and 0.99 confidence limit for the O3 and CO LmT columns using
the two-sample hypothesis z-test (section 5.2.2.6). This test assesses whether the control
run and the GEO-TIR assimilation run ; and the GEO-TIR2 assimilation run and the
GEO-TIR assimilation run, are significantly different (with a confidence limit of 95 and
99%). Figure 5.5 shows that EXP2, EXP3 and EXP4 have large areas of significance at
the 0.99 confidence limit (red areas). Areas which are not significant at the 0.99 confidence
limit nor at the 0.95 confidence limit are generally over sea, which is less important for
AQ purposes as we are interested in highly populated areas. However, EXP1 shows less
significant areas at the 0.95 confidence limit than other experiments - the implications of
this are discussed later. All the statistics presented hereafter are for a period of 2 months
(July and August 2009).
Our objective is to have a statistically robust evaluation of the added value of GEO-
TIR synthetic observations for air quality hindcasts. However, it will be difficult to sub-
stantiate the reasons for the spatial distribution of the OSSE increments averaged over
two months ; indeed, over such a period, there is a combination of different conflicting
effects explaining variations of the strength of the constraint brought by GEO-TIR and
GEO-TIR2 synthetic observations. These can only be understood by studying cases on a
day-by-day basis, which is outside the scope of this paper.
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Sensitivity study on meteorology : experiment 1
WWe performed a sensitivity study using different meteorology for the control run (EXP1a)
and assimilation runs (EXP1b and EXP1c) compared to the ones used for the nature run,
to determine the capability of GEO-TIR to reduce differences generated by the meteoro-
logy used in our analyses. Figure 5.6 shows the correlation, the bias and the RMS for the
O3 LmT column between the nature run and the control run and the improvement added
by the assimilation of GEO-TIR compared to the control run and to the assimilation run
for GEO-TIR2.
The correlation between the nature run and the control run for O3 ranges between 0.5
and 0.9. The added value of GEO-TIR (red colours) is mainly over Spain, North Africa
and the Atlantic Ocean where the results are significant at the 0.95 confidence limit.
The assimilation of GEO-TIR increases the correlation from ∼0.7 in the control run to
∼0.8 in the GEO-TIR assimilation run, mainly over the Atlantic ocean and over Spain.
Similar results are observed concerning the added value of the GEO-TIR assimilation run
compared to the GEO-TIR2 assimilation run : GEO-TIR is closer to the nature run. The
bias between the nature run and control run for O3 is low (between -8% and 8%) and
mainly negative over the Mediterranean Basin and positive over Northern Europe. The
GEO-TIR assimilation run reduces the bias over the Mediterranean Basin and over the
Nordic countries, which are regions with significance at the 0.99 confidence limit compared
to the control run and to the GEO-TIR2 assimilation run. The RMS between the nature
run and the control run is between 4 and 25% for O3. The GEO-TIR assimilation run
reduces globally the RMS to 5% over sea and land areas.
Figure 5.7 shows the same diagnostics but for the CO LmT column. The correlation
between the nature run and the control run for CO ranges also between 0.5 and 0.9. The
positive impact of the GEO-TIR assimilation run on the control run is bigger than for
O3 with a significant improvement of the correlation (e.g., from 0.7 between the nature
run and the control run to 0.85 between the nature run and the GEO-TIR assimilation
run over Spain and France, or from 0.85 between the nature run and the control run
to 0.95 between the nature run and the GEO-TIR assimilation run over Turkey). The
assimilation of GEO-TIR2 also improves the correlation between the nature run and
GEO-TIR2 assimilation run compared to the correlation between the nature run and the
control run (e.g., over the Atlantic ocean or over Turkey) but the impact of GEO-TIR is
higher. The bias between the control run and the nature run for CO is low and mainly
negative (∼-3%) except over the Po valley where the bias is high and positive (15%).
This large difference between the control run and the nature run over the Po Valley
can be explained by differences in the winds since the meteorology in the nature run is
significantly different to that in the control and assimilation runs. In the control run,
pollutants are trapped in the Po Valley which is surrounded by the Alps whereas in the
nature run, pollutants are transported by the winds. For this particular event, the GEO-
TIR assimilation run reduces considerably the bias observed compared to the control run
and to the GEO-TIR2 assimilation run, and does this to a lesser extent over France and
Eastern Europe. The RMS between the control run and the nature run for CO is ∼7%
but can reach 25% over the Po valley. The GEO-TIR assimilation run reduces globally
the RMS observed in the control run and in the GEO-TIR2 assimilation run (∼2%), with
a particular emphasis on the Po valley where the RMS added value is ∼11% compared to
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the control run and ∼7% compared to the GEO-TIR2 assimilation run. Note that results
observed over the Po valley for CO are significant at the 0.99 confidence limit.
In this experiment, we have analysed the capabilities of both instruments to correct
errors in the meteorology. The resulting control run generally shows low biases for both
CO and O3 but impacts the correlation and the RMS. For this particular experiment, the
GEO-TIR assimilation run improves considerably the RMS and locally the bias and the
correlation.
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Sensitivity study on emissions : experiment 2
In this experiment (EXP2), we use another emission inventory in the control run (EXP2a)
and assimilation runs with a coarser spatio-temporal resolution than the one used in the
nature run (see section 5.2.2.5). Figure 5.8 shows also the correlation, the bias and the
RMS for the O3 LmT column between the nature run and the control run and the im-
provement added by the assimilation of GEO-TIR (EXP2c) compared to the control run
and to the assimilation run for GEO-TIR2 (EXP2b).
The correlation between the nature run and control run is very high for O3 (> 0.95),
especially over sea where both inventories use the same emissions. The impact of the GEO-
TIR assimilation on the correlation coefficient is relatively small compared to the control
run and the GEO-TIR2 assimilation run and is located over the Eastern Mediterranean
Basin where the correlation between the nature run and the control run is lower (∼0.7).
However, the bias between the nature run and control run is positive and high (up to
20%) because emissions of NOx and CO are higher in the inventory used in the control
run and assimilation runs (Figure 5.3). The impact of the GEO-TIR assimilation run is
very high and can reduce by a factor of 2 the bias over the Mediterranean Basin both
for the control run and the GEO-TIR2 assimilation run. The RMS between the nature
run and control run for O3 is very low over sea (less than 4%), but over land it can reach
15% (e.g., Spain, South West of France, Northern Africa). The GEO-TIR assimilation run
reduces by ∼1% the RMS compared to the control run and to the GEO-TIR2 assimilation
run over Southern Europe (except over the Atlantic ocean) but locally over specific areas
(e.g., over Spain), GEO-TIR can bring an improvement of 5%. Note that the significance
is at the 0.99 confidence limit almost everywhere for O3 for this experiment (except over
a small region over the Atlantic ocean, see Figure 5.5).
Figure 5.9 shows similar diagnostics to Figure 5.8 but for CO. As for O3, the correlation
coefficient between the control run and the nature run is very high which leads to a very
low impact of GEO-TIR compared to the control run and to the GEO-TIR2 assimilation
run. This impact can locally be slightly negative (e.g., over the Atlantic ocean). This
negative impact may come from the observation errors, which are discussed in detail in
Claeyman et al. [2010c] for an instrument similar to GEO-TIR. As for O3, the bias between
the control run and the nature run is very high and can reach 20% as the inventory used in
the control run and assimilation runs emitted more CO, but only locally. Over large cities
(e.g, Paris, Turin, Amsterdam, Saint Petersburg, consistent with the emission map in
Figure 5.2), the results for CO in the LmT reflect differences between the global and the
GEMS-TNO emissions inventories. The GEO-TIR assimilation run reduces the overall
bias to 15% and 10% over the Mediterranean Basin compared to the control run and
GEO-TIR2 assimilation run, respectively, but brings little improvement over these large
cities where CO concentrations in the control run and GEO-TIR2 assimilation run are
low. The RMS between the nature run and the control run is ∼7% over land and very low
over the Atlantic ocean, but can locally reach 20% (e.g., South Italy, Greece). GEO-TIR
improves also the RMS compared to the control run and especially over land and over the
Mediterranean Basin compared to the GEO-TIR2 assimilation run. The RMS of GEO-
TIR degrades over the Atlantic ocean (where significance is not at the 0.95 confidence
limit) but also in South East Europe compared to GEO-TIR2 assimilation run where the
RMS between the control run and the nature run is low. This can also be explained by
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the GEO-TIR observation errors.
In this experiment, we analyse the capability of the 2 observing systems to correct
errors in the emissions. This experiment shows that GEO-TIR is able to considerably
reduce the global bias observed in the control run in the LmT for both O3 and CO and
can also bring significant skill compared to GEO-TIR2.
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Sensitivity study on the initial condition : experiment 3
In this experiment (EXP3), we change the initial condition every week (see section 5.2.2.5)
in the control run (EXP3a) and in the assimilation runs to quantify the capability of GEO-
TIR (EXP3c) and GEO-TIR2 (EXP3b) to correct for these differences. Figure 5.10 shows
that the correlation for the O3 LmT column between the nature run and the control run
ranges between 0.3 (e.g., over Atlantic Ocean or Turkey) and 0.9 (e.g., over Italy). The
correlation coefficient for O3 is lower than in previous experiments (EXP1 and EXP2)
since the artificial modification of the initial condition every week brings down conside-
rably the correlation. The GEO-TIR assimilation run improves the correlation compared
to the control run and to the GEO-TIR2 assimilation run, both over land and sea. This
positive impact of GEO-TIR can improve the correlation (e.g., from 0.3 between the na-
ture run and the control run and 0.5 between the nature run and GEO-TIR2 assimilation
run up to 0.8 between the nature run and the GEO-TIR assimilation run over Turkey).
The bias between the control run and the nature run for O3 is low in the Southern part
of Europe and is mainly positive over the Atlantic Ocean and over Russia. The added
value of GEO-TIR compared to the control run and the GEO-TIR2 assimilation run is
overall low but positive (∼1%) and is higher over Russia where the significance is at the
0.99 confidence limit (but can reach 6% and 4% compared to the control run and the
GEO-TIR2 assimilation run, respectively). The RMS between the nature run and the
control run is higher in the Northern part of Europe (∼20%) than in the Southern part
(∼7%). The assimilation of GEO-TIR reduces the RMS by ∼2%, particularly where the
RMS difference between the nature run and the control run is high ∼5% (e.g., Northern
Atlantic ocean).
The correlation between the nature run and the control run for the CO LmT column
ranges between 0.3 (e.g., over Aegean Sea) and 0.9 (e.g., over France and Germany).
The assimilation of GEO-TIR improves considerably the correlation compared to the
control run (from ∼0.7 between the nature run and the control run to ∼0.9 between the
nature run and the GEO-TIR assimilation run) over the Mediterranean Basin, where the
significance is at the 0.99 confidence limit. The GEO-TIR assimilation run also improves
the correlation compared to the GEO-TIR2 assimilation run especially over the Aegean
Sea, Spain and North Africa. The bias and the RMS between the nature run and the
control run for CO are low : ∼2% for the bias and between 4 and 12% for the RMS. The
impact of GEO-TIR assimilation run on the bias is then positive but very low compared
to the control run and the GEO-TIR2 assimilation run ; and the impact on the RMS is
locally high, 7% and 6% compared to the control run and the GEO-TIR2 assimilation
run, respectively over Turkey and over Spain, and is positive but low elsewhere.
The modification of the initial condition mainly impacts the correlation for both CO
and O3. This experiment shows that the assimilation of GEO-TIR can improve conside-
rably the correlation coefficient over land and sea for the CO and O3 LmT column.
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Sensitivity study on the emissions, meteorology and initial condition : expe-
riment 4
We perform a final sensitivity test by simultaneously changing the emissions, the me-
teorology and the initial condition (Figure 5.12). The control run (EXP4a) for the O3
LmT column is characterized by low correlation (between 0 and 0.7), high bias (∼15% on
average), and high RMS (∼17% on average) compared to the nature run. By construction,
we expect this experiment to provide results that differ the most from the nature run.
The impact of the assimilation of GEO-TIR (EXP4c) is high compared to the control
run and the GEO-TIR2 assimilation run (EXP4b). The added value of GEO-TIR for the
correlation coefficient is positive over Europe and increases significantly the correlation
coefficient (e.g., over Turkey, Germany, Atlantic Ocean). The GEO-TIR assimilation run
reduces the bias by 3% and 2% in average but locally the impact is ∼5% and ∼6%, com-
pared to the control run and the GEO-TIR2 assimilation run, respectively. The RMS is
considerably reduced all over all Europe up to 12% and 10% compared to the control run
and the GEO-TIR2 assimilation run, respectively.
The differences between the nature run and the control run for the CO LmT column
(Figure 5.13) are similar to those for O3 : low correlation coefficient (between 0 and
0.8), high bias (∼11% on average) and high RMS (∼11% on average). As for O3, this
CO experiment provides results that differ the most from the nature run, as expected.
The impact of the assimilation of GEO-TIR is positive over all the Europe, where the
significance is at the 0.99 confidence limit : it increases the correlation (from 0.4 between
the nature run and the control run and 0.6 between the nature run and the GEO-TIR2
assimilation run up to 0.8 between the GEO-TIR assimilation run over Turkey), reduces
the bias (up to 20% and 15% over the Po valley compared to the control run and the
GEO-TIR2 assimilation run, respectively) ; and reduces the RMS (up to 14% and 9% over
Turkey compared to the control run and the GEO-TIR2 assimilation run, respectively).
We have presented a statistical analysis over 2 months to characterize the added value
of the two instrument configurations. The results of the 4 experiments show that the
assimilation of GEO-TIR improves significantly the O3 and CO LmT columns compared
to the control run and the assimilation of GEO-TIR2. The assimilation of GEO-TIR is
able to effectively constrain the O3 and CO fields perturbed by different sources of error
in air quality prognoses : meteorology, emission, initial state.
The added value of GEO-TIR is high over land and over sea. Concerning results over
land, nadir infrared measurements are well known to be sensitive to the LmT with high
thermal contrast and high surface temperature (namely over land during day) [e.g., Deeter
et al., 2007; Eremenko et al., 2008; Clerbaux et al., 2009]. Concerning results over sea,
they suggest that via direct assimilation and/or transport of successive increments by the
model, the added value of GEO-TIR also impacts the sea (e.g., vertical and horizontal
transport, Foret et al. [2009]).
The largest effects are mainly located over the Mediterranean Basin, where the cloud
fraction is smaller and surface temperatures and thermal contrasts are high over country
surrounding coastal areas. In contrast, the added value of GEO-TIR is rather limited
over the North Western part of the domain (Atlantic Ocean). Due to predominant winds
blowing from the West in the area, air masses are largely influenced by incoming fluxes
situated outside the field of view of our simulated geostationary platforms, and the effects
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of assimilation are mitigated. Also, the spatial distribution of the efficiency of GEO-TIR
simulated observations to bring the assimilation run statistically close to the nature run
are governed to a large extent by the spatial distribution of the differences between the
nature run and the different control runs : GEO-TIR can in fact better constrain fields
where the nature and control runs differ most, while where nature and control runs agree,
little effect from the assimilation is expected, as seen in practice.
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5.2.3.3 Vertical distribution of the impact of geostationary infrared measu-
rements in the lowermost troposphere
In section 5.2.3.2, we have quantified the added value of the assimilation of GEO-TIR
for four sensitivity studies on the CO and O3 LmT column over Europe. In this section, we
concentrate on the vertically resolved added value of GEO-TIR in the lower troposphere
(0-5 km) compared to the control run and the GEO-TIR2 assimilation run. Figure 5.14
show the correlation, the absolute relative difference and the RMS between the control
run and the nature run, the GEO-TIR2 assimilation run and the nature run, and the
GEO-TIR assimilation run and the nature run, for the four sensitivity studies (EXP1,
EXP2, EXP3 and EXP4) averaged over Europe for 2 months (July and August 2009) as
a function of altitude (surface up to 5 km) for O3. For the O3 correlation, the impact of
the assimilation of GEO-TIR improves considerably it for EXP3 and EXP4, slightly for
EXP1 but is not significant for EXP2. The vertical improvement of the correlation by the
assimilation of GEO-TIR is very low at the surface, slight at 1 km, but high from 2 to 5
km, whereas the impact of GEO-TIR2 is very low for all levels between the surface and 5
km for O3. For the absolute relative difference and the RMS, similar conclusions can be
made : the impact of GEO-TIR is highly dependent on the experiment and the altitude,
and reduces the absolute relative difference and the RMS mainly for altitudes above ∼1
km whereas the impact of GEO-TIR2 is very low for O3.
The results are highly dependent on the experiments, but the impact of the assimilation
of GEO-TIR improves considerably the O3 analyses compared to the nature run above 1
km. Note that Honore´ et al. [2008] showed that the mean model absolute relative difference
of daily ozone maxima was mostly under 5 μg/m−3 (∼7%), RMS was generally less than
20 μg/m−3 (∼30%) and temporal correlation was more than 0.8 on average over Western
Europe compared to O3 surface observations, which indicates that the correlation and
the absolute relative difference observed between the nature run and the control runs are
realistic. The RMS in the control run is underestimated which may be because in the study
from Honore´ et al. [2008] the average is made over land and over Western Europe, whereas
in this study the average is made over Europe (including the sea where O3 concentrations
show less variability at the surface).
Figure 5.15 shows similar results as Figure 5.14 but for CO. The assimilation of GEO-
TIR improves considerably the CO correlation for EXP1, EXP3 and EXP4 but has little
impact on EXP2, which has already a high correlation coefficient. The positive impact
of GEO-TIR is mainly situated above 1 km except for EXP4, which has a lower corre-
lation (∼0.7) ; the assimilation of GEO-TIR improves the correlation at the surface. The
assimilation of GEO-TIR2 CO also improves the correlation (but not at the surface) but
the GEO-TIR assimilation run is closer to the nature run. The assimilation of GEO-TIR
and GEO-TIR2 also reduces the absolute relative difference and the RMS, especially for
EXP2 and EXP4 which show high biases, but the GEO-TIR assimilation run is closer to
the nature run than the GEO-TIR2 assimilation, particularly at the surface.
172
Expe´riences de simulation de syste`me d’observations d’un capteur
infrarouge ge´ostationnaire
Corr Abs. Rel. Diff. RMS
E
X
P
1
E
X
P
2
E
X
P
3
E
X
P
4
Fig. 5.14 – Correlation (left), absolute relative difference in % (middle) and RMS diffe-
rence in % (right) between the nature run (NR) and the control run (black) ; between the
nature run and the assimilation run of GEO-TIR2 (red) and between the nature run and
the assimilation run of GEO-TIR (green). Percentages are with respect to the nature run.
The 1st row is for EXP1 (change in the meteorology), the 2nd row is for EXP2 (change in
the emissions), the 3rd row is for EXP3 (change in the initial condition) and the 4rd row
is for EXP4 (change in the meteorology, in the emissions and in the initial condition).
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Fig. 5.15 – Same as Figure 5.14 but for CO.
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5.2.3.4 Ozone evaluation at the surface
As for AQ purposes we are mainly interested by pollutant surface concentrations, we
focus on the added values of both geostationary instruments on ozone surface concentra-
tions.
We compute the percentage of good detection (GD), the percentage of correct detection
above threshold (GD+) and the percentage of false alarms (FA) (see section 5.2.2.6)
for the control run, the GEO-TIR2 assimilation run and the GEO-TIR assimilation run
for the four experiments at the surface over land for the European domain (Table 5.5).
The observations are simulated throughtout the nature run. We select as an indicator of
skill the treshold at 100 μg.m−3 for the daily maximum of the 8-hour running average,
established by the WHO [World Health Organization, 2005] for the protection of public
health. We do not compute the same scores for CO since the treshold for the protection
of public health for the maximum of the 8-hour running average is 10000 μg.m−3 which is
seldom observed outdoors. Furthermore, CO is interesting for AQ because it is a proxy for
pollutant sources and transport processes and not because of its direct impact on human
health.
We have already shown that in general the added value of GEO-TIR and GEO-TIR2
for O3 at the surface is low. However, for particular cases (high concentrations of O3
above the threshold) the results presented in Table 5.5 indicate that the assimilation of
geostationary instruments can help better in detecting high concentration events. In all
cases, except EXP1 for GEO-TIR2, good detection and false alarm scores are enhanced
both for GEO-TIR and GEO-TIR2. Concerning threshold–overshoot detections, results
are more contrasted. The GEO-TIR assimilation is better than the control run for 2
experiments (EXP1 and EXP3) and GEO-TIR2 for 1 (EXP1).
Comparing the GEO-TIR and GEO-TIR2 assimilation runs, in 1 out of 12 cases (EXP
1), GEO-TIR2 is better than GEO-TIR (Table 5.5). One explanation could be the positive
larger bias of GEO-TIR2 compared to GEO-TIR in EXP 1 at surface, which enhances
the possibilities to detect threshold–overshoot detections but overestimates false alarm.
Finally, GEO-TIR gives better scores than both the GEO-TIR2 assimilation run and the
control run in 9 out of 12 cases.
In section 5.2.3.2, we quantify the added value of the assimilation of GEO-TIR for
four sensitivity studies on the CO and O3 0-3 km column over Europe. In this section,
we look at the vertically resolved added value of GEO-TIR in the lower troposphere (0-5
km) compared to the CR and the GEO-TIR2 AR. Figure 5.14 show the correlation, the
absolute difference and the RMS between the CR and the NR, the GEO-TIR2 AR and the
NR, and the GEO-TIR AR and the NR, for the four sensitivity studies (EXP 1, 2, 3 and
4) averaged over Europe for 2 months (July and August 2009) as a function of altitude
(surface up to 5 km) for O3. For the O3 correlation, the impact of the assimilation of GEO-
TIR improves considerably the correlation for EXP 3 and 4, slightly for EXP 1 but is not
significant for EXP 2. The vertical improvement of the correlation by the assimilation of
GEO-TIR is very low at the surface, slight at 1 km, but high from 2 to 5 km, whereas
the impact of GEO-TIR2 is very low for all levels between the surface and 5 km for O3.
For the bias and the RMS, similar conclusions can be made : the impact of GEO-TIR is
highly dependent on the experiment and the altitude, and reduces the bias and the RMS
mainly for altitudes above ∼1 km whereas the impact of GEO-TIR2 is very low for O3.
The results are highly dependent on the experiments, but the impact of the assimilation
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of GEO-TIR improves considerably the O3 analyses compared to the NR above 1 km. Note
that Honore´ et al. [2008] showed that the mean model bias of daily ozone maxima was
mostly under 5 μg/m−3 (∼7%), RMS was generally less than 20 μg/m−3 (∼30%) and
temporal correlation was more than 0.8 on average over Western Europe, which indicates
that the correlation and the bias observed between the NR and the CR are realistic. The
RMS in the CR is underestimated which may be because in the study from Honore´ et al.
[2008] the average is made over land and over Western Europe, whereas in this study
the average is made over Europe (including the sea where O3 concentrations show less
variability at the surface).
Tab. 5.5 – Scores for O3 8-hour running average daily maximum (percentage of good
detection (GD), percentage of correct forecast above threshold (GD+), percentage of
false alarm (FA)) obtained over Europe during July and August 2009 by comparing the
control run to the nature run (2nd column), the assimilation run with GEO-TIR2 to the
nature run (3rd column) and the assimilation run with GEO-TIR to the nature run (4th
column). Bold scores indicates that the assimilation run is better than the control run by
more than 0.1%, underlined scores indicates that one of the assimilation runs (GEO-TIR
or GEO-TIR2) is better than the other one by more that 0.1%. See text for details about
the different scores.
Experiment No Assim GEO-TIR2 GEO-TIR
GD GD+ FA GD GD+ FA GD GD+ FA
EXP 1 85.8 79.5 20.9 85.7 82.1 22.5 87.3 81.0 20.7
EXP 2 76.6 99.4 40.4 76.8 99.4 40.2 78.3 99.3 38.6
EXP 3 91.4 91.5 15.4 91.7 91.0 14.3 93.4 92.8 11.3
EXP 4 73.0 92.2 43.4 73.3 92.2 43.1 74.7 92.1 41.6
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5.2.4 Summary and Conclusions
In this paper, we perform an OSSE for geostationary infrared instruments to determine
their relative added values for O3 and CO concentrations in the lowermost troposphere
(LmT ; defined to be the atmosphere between the surface and 3 km) in an AQ model
over Europe. The originality of this study is to use an AQ model in an OSSE to assess
the impact of various key parameters (emissions, meteorology, initial condition and the
3 parameters together) on analyses derived using two infrared instruments. The first one
(GEO-TIR) has an instrument configuration (SNR and SSI) dedicated to monitoring O3
and CO in the LmT, equivalent to the MAGEAQ infrared instrument [Peuch et al., 2010] ;
the second one (GEO-TIR2) has an instrument configuration (SNR and SSI) mainly de-
dicated to measure temperature and humidity and is similar to the MTG-IRS instrument
[Clerbaux et al., 2008b]. For both instruments we use a pixel size of 0.5 × 0.5  and a
revisit time of one hour.
We first concentrate on the capability of GEO-TIR and GEO-TIR2 to simulate the
distributions of the O3 and CO LmT column over Europe, using statistical diagnostics
averaged over 2 months (July and August 2009). The GEO-TIR assimilation runs are
closer to the nature run than the GEO-TIR2 assimilation runs for almost all experiments.
The positive impact of GEO-TIR is highly dependent on the experiment and similar be-
haviour is observed for the O3 and CO LmT columns. For experiments involving changes
in emissions GEO-TIR is able to significantly reduce the systematic bias produced by
excessive emissions. For experiments involving changing the initial conditions or the me-
teorology, GEO-TIR is also able to considerably increase the correlation coefficient with
respect to the nature run and reduce the RMS in comparison to the control run. The
added value of GEO-TIR impacts both over land and sea areas, but is mainly situated
near the Mediterranean Basin. The different experiments also show that when the bias
and the RMS are very low or the correlation very high, the GEO-TIR assimilation run
has little impact and can even slightly degrade the analyses at particular locations if the
control run error is very small and the observation error is bigger. We show that the added
value of the two instruments is experiment dependent and is mainly governed by the spa-
tial distribution of the differences between the nature run and the different control runs.
Even if nadir infrared instruments are well-known to be sensitive in the LmT for high
thermal contrast (mainly over land during daytime), the assimilation and the successive
transport of increments by the model during 2 months bring added value of GEO-TIR
and GEO-TIR2 also over the sea in the LmT.
We quantify the vertically resolved impact of both GEO-TIR and GEO-TIR2 from
the surface to 5 km over Europe during 2 months (July and August 2009). For O3, the
impact of GEO-TIR is significant (the GEO-TIR assimilation run is closer to the nature
run) from 1 to 5 km whereas at the surface the impact of GEO-TIR is low. In general, the
impact of the assimilation of GEO-TIR2 is very low for O3 (GEO-TIR2 assimilation runs
are very close to the control runs for all experiments). For CO, the GEO-TIR assimilation
runs are mainly closer to the nature run, but the assimilation of GEO-TIR2 also has a
positive impact above 1 km. However at the surface, the assimilation of GEO-TIR brings
bigger improvement than the assimilation of GEO-TIR2.
We also analyse the impact of the assimilation of GEO-TIR on O3 AQ scores at the
surface. The assimilation of GEO-TIR reduces the percentage of false alarms and increases
the percentage of good detections for all experiments although improvement can be slight.
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Finally, the results shown in this paper using OSSEs suggest that the assimilation of
GEO-TIR into an AQ model can considerably improve the information on O3 and CO
fields in the LmT. However, the OSSE used in this study is based only on the assimilation
of profiles and can certainly be improved by assimilating radiances and a much bigger ob-
serving system including ground-based stations, sondes, ballons, aircraft, low earth orbit
satellites, and other observations. Such a wider study is not attainable with current su-
percomputing capabilities but would give a more accurate assessment of the added value
of GEO-TIR. Another perspective for the GEO-TIR instrument would be to add chan-
nels in the visible (Chappuis bands) as for the MAGEAQ instrument, and to perform an
OSSE for O3 combining this new instrument with ground-based measurements. It would
be very useful to perform further OSSEs to characterize how this combination of satellite
and ground-based data could improve AQ monitoring and forecasting.
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5.3 Conclusions
Dans ce chapitre, nous avons quantifie´ la valeur ajoute´e dans le mode`le de qualite´
de l’air : MOCAGE, de deux satellites ge´ostationnaires mesurant dans l’infrarouge ther-
mique, en utilisant des expe´riences de simulation de syste`me d’observations (OSSE en
anglais). Les re´sultats ont montre´ que le satellite avec des caracte´ristiques instrumentales
optimise´es pour sonder la basse troposphe`re (GEO-TIR) apporte une valeur ajoute´e im-
portante pour l’ozone (O3) entre 1 km et 5 km ; pour le monoxyde de carbone (CO),
l’assimilation de GEO-TIR ame´liore meˆme les analyses a` la surface. Le second satel-
lite, GEO-TIR2 a des caracte´ristiques similaires a` celles de MTG-IRS (Meteosat Third
Generation Infrared Sounder) qui sera lance´ vers 2018 et est optimise´ pour mesurer la
tempe´rature et la vapeur d’eau. La valeur ajoute´e de GEO-TIR2 pour l’O3 est tre`s faible
entre la surface et 5 km ; en revanche pour le CO, l’assimilation de GEO-TIR2 ame´liore les
analyses mais les erreurs restent plus importantes que celles observe´es dans les analyses
de GEO-TIR. Ces re´sultats montrent donc l’inte´reˆt de la mission de´die´e a` la qualite´ de
l’air, GEO-TIR.
Cette e´tude pre´sente une premie`re e´valuation de l’apport des deux satellites. En ef-
fet, afin de raffiner notre estimation sur la valeur ajoute´e des deux satellites, il serait
utile de simuler un syste`me d’observations plus complet incluant d’autres observations
(particulie`rement les re´seaux de surface), couˆteux a` mettre en place.
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Nous avons dans ce travail de´fini un instrument spatial pour la qualite´ de l’air et
de´termine´ sa valeur ajoute´e pour les simulations et pre´visions. Nous avons choisi une or-
bite ge´ostationnaire qui est la seule capable de fournir une re´solution temporelle adapte´e
(∼1 heure) a` la variabilite´ des processus implique´s dans la qualite´ de l’air, tout en offrant
la possibilite´ d’avoir une re´solution spatiale relativement e´leve´e (10-15 km sur un domaine
continental). De plus, parmi les espe`ces cle´s pour la qualite´ de l’air, nous nous sommes
focalise´s dans cette the`se sur l’ozone (O3) en raison de son impact sur l’environnement
et la sante´ et sur le monoxyde de carbone (CO) en raison de sa capacite´ a` renseigner les
sources d’e´missions et les processus de transport. L’ozone et le CO posse`dent des bandes
d’absorption dans l’infrarouge thermique (autour de 10 μm et 4.6 μm respectivement). Ce
travail de the`se a donc porte´ sur un instrument infrarouge ge´ostationnaire sur l’Europe. Il
a e´te´ effectue´ en collaboration avec Astrium-EADS Toulouse et avec l’IMK-ASF (Institute
for Meteorology and Climate Research - Atmospheric Trace Gases and Remote Sensing).
Dans une premie`re partie, une e´valuation d’un nouveau sche´ma line´aire pour le CO
(LINCO) dans la troposphe`re et la stratosphe`re a e´te´ effectue´e. LINCO est base´ sur une
approximation du premier ordre de l’e´quation de continuite´ du CO utilisant 5 coefficients
bidimensionnels (latitude-altitude) mensuels. Ce sche´ma est similaire a` celui de´veloppe´
pour l’O3 par Cariolle et De´que´ [1986] mais prend en compte les e´missions, qui est un
e´le´ment essentiel expliquant la variabilite´ spatio-temporelle du CO.
LINCO a e´te´ e´value´ sur une pe´riode d’un an et demi (de´cembre 2003 - juillet 2005).
La comparaison avec un sche´ma de´taille´ (RACMOBUS) montre que LINCO est capable
de bien repre´senter les distributions spatiales et temporelles de concentrations de CO. Un
biais ne´gatif dans la troposphe`re et positif dans la stratosphe`re est observe´ par rapport
a` RACMOBUS. Nous avons montre´ que ces diffe´rences dans la troposphe`re sont essen-
tiellement dues au coefficient du taux de production - perte du sche´ma (A1) qui impose
une destruction plus importante du CO. Nous avons e´galement montre´ que le biais po-
sitif observe´ dans la stratosphe`re entre LINCO et RACMOBUS est lie´ au biais positif
observe´ entre la climatologie de CO du coefficient A3 et RACMOBUS. La comparaison
avec le CO mesure´ par l’instrument MOPITT (Measurements Of Pollution In The Tro-
posphere) confirme un biais ne´gatif pour LINCO dans la troposphe`re, pre´dominant dans
l’he´misphe`re nord et dans la basse troposphe`re (30–40 ppbv). Dans la moyenne et basse
stratosphe`re, LINCO montre un bon accord avec les donne´es de CO de MLS (Micro-
wave Limb Sounder) en particulier il repre´sente bien le gradient vertical et latitudinal de
CO. En revanche, aux poˆles, LINCO sous-estime les concentrations de CO par rapport
a` MLS. Cette sous-estimation pourrait eˆtre lie´e a` un transport me´ridien trop intense,
comme sugge´re´ dans une e´tude pre´ce´dente utilisant la version climatique de MOCAGE
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[Teysse`dre et al., 2007]. Nous avons e´galement compare´ LINCO aux donne´es ae´roporte´es
MOZAIC (Measurements of ozone and water vapour by Airbus in-service aircraft) dans
la haute troposphe`re - basse stratosphe`re. LINCO montre un tre`s bon accord avec les
donne´es MOZAIC avec un biais infe´rieur a` 2% mais avec une erreur quadratique moyenne
assez importante (±27%).
Nous avons e´galement assimile´ sur la meˆme pe´riode, les donne´es MOPITT de CO dans
le sche´ma line´aire (MOPan). Ces analyses sont en bon accord avec les donne´es MOZAIC
dans la troposphe`re ; le biais ne´gatif observe´ dans LINCO est tre`s largement re´duit par
MOPan. En particulier, les comparaisons des profils MOZAIC a` MOPan, moyenne´s sur
l’Ame´rique de Nord, l’Europe et l’Asie montrent que la distribution verticale des concen-
trations de CO est ame´liore´e entre 700 et 350 hPa. L’assimilation de MOPITT dans
LINCO permet e´galement de diviser par deux le biais observe´ entre LINCO et MLS a`
146 hPa aux tropiques. Aux latitudes extra-tropicales, un biais ne´gatif est observe´ entre
MOPan et MLS, probablement en raison du transport me´ridien trop intense.
Cette partie de la the`se a donc montre´ qu’un sche´ma line´aire pour le CO, introduit
dans un mode`le de chimie-transport, e´tait capable de bien repre´senter les distributions de
CO dans la troposphe`re et dans la stratosphe`re. L’avantage d’un tel sche´ma est son faible
couˆt de calcul (e´quivalent a` un traceur) qui permet d’envisager l’assimilation de donne´es
sur de grandes pe´riodes (typiquement plusieurs anne´es, permettant d’e´tudier la variabilite´
annuelle) et a` des re´solutions spatiales plus fines (0.5◦ a` l’e´chelle du globe). Nous avons
e´galement montre´ la valeur ajoute´e que peut apporter un satellite de´filant mesurant le
CO dans l’infrarouge (MOPITT) pour contraindre a` grande e´chelle dans la troposphe`re
un mode`le de chimie-transport.
Dans un deuxie`me temps, nous avons re´alise´ des inversions de spectres atmosphe´ri-
ques pour de´finir les caracte´ristiques optimales d’un instrument infrarouge ge´ostationnaire
pour sonder le CO et l’O3 dans la basse troposphe`re sur l’Europe. Nous avons utilise´ le
mode`le de transfert radiatif KOPRA couple´ au mode`le d’inversion KOPRA-fit, qui uti-
lise la re´gularisation de Tikhonov-Phillips [Tikhonov, 1963; Phillips, 1962b]. Nous avons
utilise´ les champs de composition atmosphe´rique fournis par MOCAGE pour ge´ne´rer des
radiances synthe´tiques.
Nous avons calcule´ les degre´s de liberte´ (DOF en anglais) obtenus pour diffe´rentes
configurations instrumentales (e´chantillonnage spectral et rapport signal a` bruit) pour le
CO et l’O3 pour un contraste thermique entre la tempe´rature a` la surface et la tempe´rature
de l’air positif (+2 K) et ne´gatif (-2 K). Ces re´sultats ont montre´ que plusieurs configura-
tions d’instrument pouvaient amener au meˆme DOF (un faible e´chantillonnage spectral
avec un fort rapport signal a` bruit peut eˆtre e´quivalent a` un fort e´chantillonnage spectral
avec un faible rapport signal a` bruit). A partir de ces re´sultats, nous avons se´lectionne´ en
collaboration avec Astrium-EADS, cofinanceur de cette the`se, une configuration d’instru-
ment techniquement faisable (GEO-TIR) permettant d’obtenir un DOF de 1.5 pour l’O3
et de 2 pour le CO dans la troposphe`re (e´chantillonnage spectral de 0.05 cm−1 et rapport
signal a` bruit de 750 pour l’O3 et de 190 pour le CO).
Nous avons e´galement simule´ un autre instrument infrarouge ge´ostationnaire avec
des caracte´ristiques similaires a` celles de MTG-IRS (Meteosat Third Generation Infra-
red Sounder), optimise´ pour mesurer la tempe´rature et la vapeur d’eau (GEO-TIR2).
MTG-IRS est pre´vu pour eˆtre lance´ vers 2017-2018 et mesurera des luminances dans
la meˆme re´gion spectrale que GEO-TIR. Des inversions de spectres atmosphe´riques ont
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e´te´ effectue´es pour ces deux instruments pour diffe´rents contrastes thermiques pour deux
profils typiques europe´ens de CO et d’O3. La forme du premier niveau de la fonction de
balayage (correspondant a` la surface) montre que GEO-TIR a une bonne sensibilite´ dans
la basse troposphe`re (de´finie entre 0-3 km) pour le CO et pour l’O3 en cas de contrastes
thermiques positifs. GEO-TIR2 pre´sente tre`s peu de sensibilite´ pour l’O3 dans la basse
troposphe`re mais peut eˆtre sensible pour le CO en cas de contrastes thermiques positifs.
Des inversions d’O3 et de CO avec les configurations de GEO-TIR et GEO-TIR2 ont e´te´
re´alise´es sur une atmosphe`re plus re´aliste, simule´e avec le mode`le de chimie-transport MO-
CAGE pour une journe´e typique d’e´te´ (simulation de re´fe´rence repre´sentant l’atmosphe`re
“vraie”). GEO-TIR repre´sente bien la variabilite´ spatiale des concentrations de CO et
d’O3 par rapport a` la simulation de re´fe´rence a` 3 km d’altitude. Les DOFs de GEO-TIR
entre la surface et 15 km sont compris entre 1.1 et 1.8 pour l’O3 et entre 1.5 et 2.5 pour
le CO. GEO-TIR2 a tre`s peu de sensibilite´ pour l’O3 a` 3 km ; les concentrations d’O3
de GEO-TIR2 a` 3 km refle`tent le gradient latitudinal d’O3 observe´ dans la haute tro-
posphe`re. Pour le CO, GEO-TIR2 est sensible a` la colonne troposphe´rique (DOF ∼1) et
en cas de forts contrastes thermiques positifs, il peut eˆtre sensible a` la basse troposphe`re.
Les simulations temporelles de la colonne 0-3 km observe´es par GEO-TIR sur 6 capi-
tales europe´ennes, montrent que l’instrument est capable de de´tecter la variabilite´ des
concentrations de CO et d’O3 mais e´galement le cycle diurne en cas de forts contrastes
thermiques positifs et de fortes tempe´ratures de surface.
Dans cette e´tude, nous avons de´fini les caracte´ristiques ne´cessaires a` un capteur ge´osta-
tionnaire infrarouge pour sonder le CO et l’O3 dans la basse troposphe`re. Ces re´sultats
ont montre´ l’apport dans la basse troposphe`re de ce capteur, optimise´ pour la qualite´
de l’air, par rapport a` un autre instrument non optimise´ pour cet objectif mais mesu-
rant dans la meˆme plage spectrale. Ces re´sultats ont d’ailleurs e´te´ utilise´s pour de´finir la
partie infrarouge de l’instrument MAGEAQ (Monitoring the Atmosphere from Geosta-
tionary orbit for European Air Quality) propose´ a` l’Agence Spatiale Europe´enne comme
candidat pour la missions Earth Explorer 8. MAGEAQ est un instrument multispectral
(infrarouge thermique et visible) conc¸u pour fournir des mesures d’O3 et de CO dans la
basse troposphe`re dans le but de surveiller a` l’e´chelle de l’Europe la qualite´ de l’air. Si
cette proposition est se´lectionne´e (de´cision fin 2010), les travaux the´oriques re´alise´s au
cours de cette the`se trouveraient ainsi une application pratique a` l’horizon 2018.
Enfin dans une dernie`re partie, nous avons mis en place une expe´rience de simulation
de syste`me d’observations (Observing System Simulation Experiment : OSSE en anglais)
pour e´valuer l’impact des deux instruments GEO-TIR et GEO-TIR2 sur les simulations
de qualite´ de l’air re´alise´es avec le mode`le de chimie-transport MOCAGE. L’originalite´
des OSSEs effectue´es dans cette the`se, est que nous avons teste´ la sensibilite´ des analyses
des deux instruments a` diffe´rents parame`tres : les forc¸ages atmosphe´riques (EXP1), les
e´missions (EXP2), l’e´tat initial (EXP3) et les 3 parame`tres re´unis (EXP4). L’OSSE est
compose´e de diffe´rents e´le´ments : une simulation de re´fe´rence re´alise´e avec MOCAGE
qui repre´sente l’atmosphe`re “vraie”, des observations synthe´tiques ge´ne´re´es a` partir de la
simulation de re´fe´rence prenant en compte les caracte´ristiques de GEO-TIR et de GEO-
TIR2 a` l’aide d’une me´thode simplifie´e pour re´duire le couˆt de calcul, une simulation de
controˆle re´alise´e avec MOCAGE qui repre´sente un autre e´tat de l’atmosphe`re diffe´rent
de la re´fe´rence, et des assimilations des observations de GEO-TIR et GEO-TIR2 dans la
simulation de controˆle.
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Nous avons d’abord e´value´ la capacite´ de GEO-TIR et GEO-TIR2 a` ame´liorer les dis-
tributions spatiales de la colonne 0-3 km d’O3 et de CO du mode`le MOCAGE, en effec-
tuant des statistiques sur deux mois (juillet-aouˆt 2009) pour les 4 expe´riences. Les re´sultats
montrent que les analyses de GEO-TIR sont statistiquement (Z-test) plus proches de la
re´fe´rence que les analyses de GEO-TIR2 pour quasiment toutes les expe´riences. La va-
leur ajoute´e de GEO-TIR est essentiellement situe´e autour du bassin me´diterrane´en et
impacte a` la fois les continents et les mers. En modifiant les e´missions (EXP2), on a in-
troduit un biais entre la re´fe´rence et le controˆle ; l’assimilation de GEO-TIR2 est capable
de re´duire ce biais pour le CO et l’O3 mais la valeur ajoute´e de GEO-TIR est plus forte.
En modifiant l’e´tat initial et les forc¸ages atmosphe´riques (EXP1, 3 et 4), on de´grade la
correlation et l’e´cart type entre la re´fe´rence et le controˆle ; l’assimilation permet d’aug-
menter la corre´lation et de diminuer l’e´cart type. Ces diffe´rentes expe´riences ont montre´
que lorsque la corre´lation est tre`s forte et que le biais et l’e´cart type sont tre`s faibles entre
la re´fe´rence et le controˆle, l’assimilation de GEO-TIR peut localement de´te´riorer l’analyse
de la colonne 0-3 km pour des zones particulie`res.
Nous avons e´galement quantifie´ la valeur ajoute´e de GEO-TIR et GEO-TIR2 sur la
verticale entre la surface et 5 km. L’impact de´pend de l’expe´rience et du parame`tre sta-
tistique conside´re´, mais globalement pour GEO-TIR, l’impact se situe au dessus de 1 km
pour l’O3 alors que pour le CO on observe une ame´lioration des analyses a` la surface. Pour
GEO-TIR2, il n’y a que tre`s peu d’impact pour l’O3 entre la surface et 5 km alors que pour
le CO on observe une ame´lioration des analyses au dessus de 1 km. Nous avons e´galement
analyse´ l’apport de l’assimilation de GEO-TIR sur la de´tection des de´passements de seuils
re´glementaires pour l’O3 a` la surface. L’assimilation de GEO-TIR permet de le´ge`rement
ame´liorer les scores de bonnes pre´visions et de re´duire le taux de fausses alertes.
Cette e´tude a permis de quantifier l’impact de l’assimilation des mesures des deux ins-
truments (GEO-TIR et GEO-TIR2) dans le mode`le MOCAGE. Nous avons ainsi montre´
l’inte´reˆt d’une mission ge´ostationnaire infrarouge de´die´e a` la qualite´ de l’air, GEO-TIR,
dont les mesures permettent d’ame´liorer les analyses d’O3 et de CO dans la basse tro-
posphe`re (0-3 km). Ces re´sultats ont e´galement e´te´ largement utilise´s dans la partie “Scien-
tific Objectives, Requirements and Justification” de la proposition MAGEAQ. Ce type de
re´sultats compte parmis les premiers dans le domaine avec les e´tudes de Edwards et al.
[2009] et Timmermans et al. [2009].
Ce travail de the`se a donc pu contribuer, en utilisant mode´lisation et assimilation
de donne´es, a` la spe´cification et a` l’e´valuation d’un nouveau capteur ge´ostationnaire in-
frarouge pour sonder la basse troposphe`re. Il a e´galement permis de mettre en place
des outils permettant de simplifier, et donc de rendre facilement applicable, les nombreux
e´le´ments ne´cessaires pour mode´liser l’instrument et sa valeur ajoute´e. Cette premie`re e´tape
de´bouche naturellement sur de nombreuses perspectives a` plus ou moins long terme, dont
les plus imme´diates sont les suivantes :
La premie`re concerne l’exploitation du sche´ma line´aire pour le CO. En effet l’avan-
tage principal de ce sche´ma est son faible couˆt nume´rique qui permet de re´aliser des
assimilations de donne´es sur de longues pe´riodes de l’ordre de la de´cennie (e.g., les 10
ans de donne´es de MOPITT disponibles aujourd’hui) et avec une forte re´solution spatiale
(∼0.5◦). De telles assimilations permettraient d’e´tudier les variations interannuelles, sai-
sonnie`res ainsi que les tendances des concentrations de CO a` long terme, outil important
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pour des projets tel que CHARMEX (Chemistry-Aerosol MEditerranean Experiment). De
plus, l’adjoint de ce sche´ma line´aire est facilement re´alisable, permettant une assimilation
avec la technique variationnelle quadri-dimensionnelle (4D-Var).
Une autre perspective a` ce travail de the`se est l’ajout dans les e´tudes d’inversion de
l’O3, de canaux dans le visible (bande de Chappuis) afin de mode´liser l’instrument com-
plet MAGEAQ. En effet, l’utilisation de cette bande pourrait ajouter de l’information
(jusqu’a` un degre´ de liberte´) dans la basse troposphe`re d’apre`s une premie`re estimation
re´alise´e par l’e´quipe scientifique de GEO-CAPE (X. Liu et K. Chance). De meˆme pour
le CO, l’ajout d’une bande dans les courtes longueurs d’onde de l’infrarouge permettrait
d’ame´liorer la sensibilite´ a` la surface.
Enfin, dans les OSSEs utilise´es dans cette the`se, nous n’avons introduit qu’un jeu
partiel du futur syste`me complet d’observation. Afin de pre´ciser notre estimation sur la
valeur ajoute´e de GEO-TIR pour la pre´vision de la qualite´ de l’air, il serait utile d’assi-
miler simultane´ment observations ge´ostationnaires et stations de surface. Ceci ne´cessite
un travail pre´alable sur la repre´sentativite´ horizontale et verticale des observations de
surface, pour assurer une comple´mentarite´ optimale entre les deux types d’observations.
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Annexe A : article 4 - Midlatitude
stratosphere - troposphere exchange
as diagnosed by MLS O3 and
MOPITT CO assimilated fields
Ce travail de the`se a pu contribuer a` l’e´tude suivante, destine´e a` caracte´riser un e´change
stratosphe`re - troposphe`re, [El Amraoui et al., 2010]. Cet e´change a e´te´ e´tudie´ a` partir
de l’assimilation du monoxyde de carbone de l’instrument MOPITT (Measurements Of
Pollution In The Troposphere) et de l’ozone de MLS (Microwave Limb Sounder). Les ana-
lyses correspondantes ont e´te´ valide´es a` l’aide des observations inde´pendantes ae´roporte´es :
MOZAIC (Measurements Of Pollution In The Troposphere) et satellitaires : AIRS (At-
mospheric Infrared Sounder) et OMI (Ozone Monitoring Instrument).
Ce travail est mentione´ dans le chapitre 1 (section 1.4.4) et cite´ dans les autres publi-
cations introduites dans le corps principal de la the`se.
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Abstract. This paper presents a comprehensive charac-
terization of a very deep stratospheric intrusion which oc-
curred over the British Isles on 15 August 2007. The sig-
nature of this event is diagnosed using ozonesonde mea-
surements over Lerwick, UK (60.14◦ N, 1.19◦ W) and is
also well characterized using meteorological analyses from
the global operational weather prediction model of Me´te´o-
France, ARPEGE. Modelled as well as assimilated fields of
both ozone (O3) and carbon monoxide (CO) have been used
in order to better document this event. O3 and CO from
Aura/MLS and Terra/MOPITT instruments, respectively, are
assimilated into the three-dimensional chemical transport
model MOCAGE of Me´te´o-France using a variational 3-D-
FGAT (First Guess at Appropriate Time) method. The val-
idation of O3 and CO assimilated fields is done using self-
consistency diagnostics and by comparison with independent
observations such as MOZAIC (O3 and CO), AIRS (CO) and
OMI (O3). It particularly shows in the upper troposphere
and lower stratosphere region that the assimilated fields are
closer to MOZAIC than the free model run. The O3 bias be-
tween MOZAIC and the analyses is −11.5 ppbv with a RMS
of 22.4 ppbv and a correlation coefficient of 0.93, whereas
between MOZAIC and the free model run, the correspond-
ing values are 33 ppbv, 38.5 ppbv and 0.83, respectively. In
the same way, for CO, the bias, RMS and correlation coef-
ficient between MOZAIC and the analyses are −3.16 ppbv,
13 ppbv and 0.79, respectively, whereas between MOZAIC
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and the free model they are 6.3 ppbv, 16.6 ppbv and 0.71, re-
spectively. The paper also presents a demonstration of the
capability of O3 and CO assimilated fields to better describe
a stratosphere-troposphere exchange (STE) event in compar-
ison with the free run modelled O3 and CO fields. Although
the assimilation of MLS data improves the distribution of O3
above the tropopause compared to the free model run, it is
not sufficient to reproduce the STE event well. Assimilated
MOPITT CO allows a better qualitative description of the
stratospheric intrusion event. The MOPITT CO analyses ap-
pear more promising than the MLS O3 analyses in terms of
their ability to capture a deep STE event. Therefore, the re-
sults of this study open the perspectives for using MOPITT
CO in the STE studies.
1 Introduction
The troposphere and the stratosphere are characterized
by different dynamical and chemical properties, involving
strong gradients of potential vorticity (PV), relative humid-
ity (RH) and chemical species such as ozone (O3) and car-
bon monoxide (CO) at the tropopause. Dynamical, chemical
and radiative coupling between the stratosphere and the tro-
posphere are among the most important processes that must
be understood for prediction of climate change (Holton et al.,
1995). Stratosphere-troposphere exchange (STE) events play
a key role in controlling the ozone and water vapour bud-
gets of the upper troposphere and lower stratosphere (UTLS)
region. STE events can have a significant role in the radia-
tive forcing of climate change in relation to the increase of
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the anthropogenic influences (e.g. Santer et al., 2003). In
this context, Stohl et al. (2003) reported that modifications
in STE events in a changing climate may significantly affect
stratospheric ozone depletion and the oxidizing capacity of
the troposphere.
STE events have been reviewed by e.g. WMO (1986);
Davies and Schuepbach (1994); Holton et al. (1995); Stohl
et al. (2003). The exchange of mass across the tropopause
is bidirectional, with a return flow transporting tropospheric
air into the lowermost stratosphere (Danielsen, 1968; Hoor
et al., 2002). It occurs via a variety of processes on dif-
ferent scales which include both Troposphere to Strato-
sphere Transport (TST) (e.g. Zahn et al., 2000; Hoor et al.,
2002) and Stratosphere to Troposphere Transport (STT) (e.g.
Danielsen, 1968; Shapiro, 1980) events. The TST events oc-
cur mainly in the tropics, and also at higher latitudes. The
isentropic transport into the lowermost stratosphere takes
place across the extratropical tropopause (Dessler et al.,
1995) and the transport of tropospheric air into the strato-
sphere is irreversible (Hintsa et al., 1998). Conversely, the
STT events happen everywhere but dominate in the mid-
latitudes. The deep descent of stratospheric air into the tropo-
sphere leads to irreversible transport as the stratospheric air
becomes mixed with the surrounding air (Papayannis et al.,
2005).
Stratospheric intrusions are the most important manifesta-
tions of STT events in the extratropics and they are associated
with tropopause folds (Danielsen, 1968; Kentarchos et al.,
1999). These events, characterized by tongues of anoma-
lously high potential vorticity, are considered as the main
sources of ozone into the troposphere. Stratospheric intru-
sions form in the baroclinic zone beneath a jet stream, as a re-
sult of an ageostrophic circulation forced by convergence at
the jet entrance (Keyser and Shapiro, 1986). They mainly de-
pend on small-scale near-tropopause processes and they are
more frequent in the extratropical regions than further pole-
ward (e.g. Sprenger et al., 2003; Rao and Kirkwood, 2005).
The intruding stratospheric air typically forms filamentary
structures, which appear as laminae in ozone profiles and
can reveal mesoscale features on water vapour satellite im-
ages especially if they are stretched into streamers and sub-
sequently roll up (Holton et al., 1995; Stohl et al., 2003).
Knowledge of the frequency and global geographical dis-
tributions of stratospheric intrusions is important for the
climatological understanding of extratropical synoptic-scale
and mesoscale weather systems, and of irreversible mixing
between stratospheric and tropospheric air (Sprenger et al.,
2003). For these reasons, they have been widely studied
using in-situ aircraft measurements (e.g. Hoor et al., 2002;
Brioude et al., 2006), ground-based lidar sounding data (e.g.
Eisele et al., 1999), airborne lidar systems (e.g. Browell et al.,
1987), in-situ ozonesonde stations (e.g. Seidel and Randel,
2006), meteorological analyses (e.g. Wernli and Bourqui,
2002; Sprenger et al., 2003), and modelling studies (e.g.
Kentarchos et al., 1999; Hsu et al., 2005). Most of the studies
dealing with tropopause folds focused on the detection of the
stratospheric signature in the troposphere based on low RH
and high O3, PV, radioactivity (7Be, 10Be/7Be) or static sta-
bility. Relationships between tracers have also been used in
order to characterize mixing processes in the tropopause re-
gion (e.g. Zahn et al., 2000; Pan et al., 2007; Brioude et al.,
2008).
Satellite measurements based on the analysis of satel-
lite imagery from water vapour channels (e.g. Appenzeller,
1996; Wimmers et al., 2003) or the analysis of ozone total
columns (e.g. Shapiro et al., 1987; Wimmers and Moody,
2004) have also been used in order to diagnose and docu-
ment stratospheric intrusions into the troposphere. Gener-
ally, satellite measurements have the advantage that they pro-
vide global coverage which offers the opportunity to investi-
gate the mixing processes between the stratosphere and the
troposphere in the UTLS region. However, these measure-
ments are not able to resolve the synoptic-scale variabilities
in the tropopause region, neither from limb-viewing sensors
because of their sparse horizontal sampling, nor from nadir-
viewing sensors because of their poor vertical resolutions.
Moreover, the UTLS region is characterized by very high
vertical gradients. The representation of these gradients is
a well-known limitation of most of the global chemical trans-
port models (CTM) as described by Law et al. (2000) in their
comparison between global CTM results and Measurement
of OZone and wAter vapour by aIrbus in-service airCraft
(MOZAIC) in-situ data (Marenco et al., 1998). Therefore,
the use of chemical data assimilation, which allows for an
optimal combination of model results and measurements, can
be very useful to better resolve the UTLS region. In this con-
text, Clark et al. (2007) and Semane et al. (2007) have used
O3 assimilated fields from MOZAIC in-situ measurements
and stratospheric profiles from the Michelson Interferome-
ter for Passive Atmospheric Sounding (MIPAS) instrument
onboard ENVISAT, respectively, in order to better describe
the exchange between the troposphere and the stratosphere
across the tropopause region.
The main objectives of this paper are: firstly, to docu-
ment a deep stratospheric intrusion event, which occurred
over the British Isles on 15 August 2007, using ozonesonde
measurements, meteorological analyses, as well as modelled
and assimilated fields of O3 and CO observations from the
Microwave Limb Sounder (MLS) instrument onboard Aura
satellite and from the Measurements Of the Pollution In The
Troposphere (MOPITT) instrument onboard Terra satellite,
respectively. Secondly, to evaluate the added-value of strato-
spheric O3 and tropospheric CO assimilated fields in regard
to the composition of the UTLS region and to STE events in
comparison to modelled O3 and CO fields from MOCAGE.
Thus, an original objective of this study is to evaluate the
capacity to improve the description of STE events with the
assimilation of the tropospheric CO field from MOPITT. To
our knowledge, satellite CO data assimilation, in particu-
lar from the MOPITT instrument, has not yet been used in
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scientific studies related to stratospheric intrusion events. We
will then demonstrate the capability of CO assimilated fields
from MOPITT to describe a deep stratospheric intrusion in
comparison to MLS O3 assimilated fields. Both O3 and CO
observations are assimilated into the 3-D-CTM MOCAGE
of Me´te´o-France using a variational 3-D-FGAT (First Guess
at Appropriate Time) method within the MOCAGE-PALM
assimilation system. This paper is outlined as follows. Sec-
tion 2 presents the satellite observations as well as the model
and the assimilation system used in this study. In Sect. 3,
we characterize the aforementioned event with the help of
ozonesonde measurements and meteorological data. Sec-
tion 4 presents a validation of the O3 and CO assimilated
products in comparison with other independent data. The
characterization of the stratospheric intrusion event with O3
and CO assimilated fields is described in Sect. 5. Main re-
sults are summarized in Sect. 6.
2 Data and analysis
2.1 Aura/MLS ozone observations
The Aura satellite was launched on 15 July 2004 and placed
into a near-polar Earth orbit at ∼705 km with an inclination
of 98◦ and an ascending node at 13:45 h. It makes about
14 orbits per day. The MLS instrument onboard Aura uses
the microwave limb sounding technique to measure chemical
constituents and dynamical tracers between the upper tropo-
sphere and the lower mesosphere (Waters et al., 2006). It
provides dense spatial coverage with 3500 profiles daily be-
tween 82◦ N and 82◦ S.
In this study we use the Version 2.2 of MLS O3 dataset.
It is a standard retrieval between 215 and 0.46 hPa with
a vertical resolution of ∼3 km in the upper troposphere
and the stratosphere. The along-track resolution of O3 is
∼200 km between 215 and 10 hPa. The estimated single-
profile precision in the extratropical UTLS region is of the
order of 0.04 ppmv from 215 to 100 hPa and between 0.05
and 0.2 ppmv from 46 to 10 hPa. For the assimilation ex-
periment, MLS data are selected according to the precision
and quality flags recommended in the MLS Version 2.2 Level
data quality and description document (see http://mls.jpl.
nasa.gov/data/v2-2 data quality document.pdf). The respec-
tive errors for each profile are taken into account in the as-
similation process through the error covariance matrix of ob-
servations. Note that only measurements performed between
215 and 10 hPa are used during the assimilation experiment
because of the limitation imposed by the upper boundary of
the used version of the MOCAGE model, namely 5 hPa.
2.2 Terra/MOPITT carbon monoxide observations
The MOPITT instrument (Drummond and Mand, 1996) is
onboard the Terra platform and has been monitoring global
tropospheric CO from March 2000 to date. These data have
been intensively validated (e.g. Emmons et al., 2004, 2009).
The pixel size is 22 km×22 km and the vertical profiles are
retrieved on 7 pressure levels (surface, 850, 700, 500, 350,
250 and 150 hPa). The maximum likelihood method, used to
retrieve the MOPITT CO, is a statistical combination of the
measurements and a priori information (for more informa-
tion about the MOPITT CO retrieval algorithm, see Deeter
et al., 2003). The retrieval profiles are characterized by their
averaging kernels, which provide information on the verti-
cal sensitivity of the measurements. In this study, we con-
sider MOPITT CO (Version 3) retrievals with less than 40%
a priori contamination to insure a consistent and good quality
dataset. MOPITT data are averaged in boxes of 2◦×2◦ to ob-
tain super-observations directly assimilated into the used ver-
sion of MOCAGE-PALM system. Moreover, in order to take
into account of the vertical resolution of the MOPITT mea-
surements, their averaging kernels as well as their a priori
profiles are considered in the assimilation procedure. Note
that the variance-covariance error matrices of MOPITT mea-
surements are also taken into account during the assimilation
process through the error covariance matrix of the observa-
tions.
2.3 MOCAGE CTM and data assimilation system
The assimilation system used in this study is MOCAGE-
PALM (e.g. El Amraoui et al., 2008a) developed jointly
between Me´te´o-France and CERFACS (Centre Europe´en
de Recherche et de Formation Avance´e en Calcul Scien-
tifique) in the framework of the ASSET European project
(Lahoz et al., 2007a). MOCAGE (MOde`le de Chimie At-
mosphe´rique a` Grande Echelle) (Peuch et al., 1999) is a 3-
D-CTM which covers the planetary boundary layer, the free
troposphere, and the stratosphere. It provides a number
of optional configurations with varying domain geometries
and resolutions, as well as chemical and physical param-
eterization packages. It has the flexibility to use several
chemical schemes for stratospheric and tropospheric stud-
ies. MOCAGE is used for several applications: operational
chemical weather forecasting in Me´te´o-France (Dufour et al.,
2004), tropospheric as well as stratospheric research studies
(e.g. Josse et al., 2004; Michou et al., 2005; Ricaud et al.,
2009a,b), and data assimilation research (e.g. Cathala et al.,
2003; Pradier et al., 2006; Clark et al., 2007; Semane et al.,
2007; El Amraoui et al., 2008a,b; Semane et al., 2009). In
this study, MOCAGE is forced dynamically by external wind
and temperature fields from the ARPEGE model analyses,
the global operational weather prediction model of Me´te´o-
France (Courtier et al., 1991). The MOCAGE horizontal res-
olution used for this study is 2◦ both in latitude and longitude
and the model uses a semi-Lagrangian transport scheme. It
includes 47 hybrid (σ , P ) levels from the surface up to 5 hPa,
where σ=P/Ps; P and Ps are the pressure and the surface
pressure, respectively. MOCAGE has a vertical resolution of
about 800m in the vicinity of the tropopause and in the lower
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stratosphere. A detailed validation of the model using a large
number of measurements during the Intercontinental Trans-
port of Ozone and Precursors (ICARTT/ITOP) campaign was
done by Bousserez et al. (2007).
The assimilation module used in this study is PALM (Pro-
jet d’Assimilation par Logiciel Multime´thode): a modular
and flexible software, which consists of elementary compo-
nents that exchange data (Lagarde et al., 2001). It manages
the dynamic launching of the coupled components (forecast
model, algebra operators and input/output of observational
data) and the parallel data exchanges. The technique imple-
mented within PALM and used for the assimilation of O3
and CO profiles from MLS and MOPITT, respectively, is the
3-D-FGAT method. This method is a compromise between
the well-known 3-D-Var and 4-D-Var techniques (Fisher and
Andersson, 2001). It compares the observation and back-
ground at the correct time and assumes that the increment
to be added to the background state is constant over the en-
tire assimilation window. The choice of this assimilation
technique limits the size of the assimilation window, since
it has to be short enough compared to chemistry and trans-
port timescales. Using ozone profiles from the MIPAS in-
strument, this technique has already produced good-quality
results compared to independent data and many other assim-
ilation systems (e.g. Geer et al., 2006).
The assimilation system MOCAGE-PALM has been used
to assess the quality of satellite ozone measurements (Mas-
sart et al., 2007). It has also been proven to be use-
ful to overcome the possible deficiencies of the model.
In this context, its assimilation product has been used
in many atmospheric studies in relation to the ozone
loss in the Arctic vortex (El Amraoui et al., 2008a), the
tropics-midlatitudes exchanges (Bencherif et al., 2007), the
stratosphere-troposphere exchanges (Semane et al., 2007),
and the exchange between the polar vortex and the midlat-
itudes (El Amraoui et al., 2008b).
3 In-situ measurements and meteorological conditions
during the stratospheric intrusion event
3.1 Ozonesonde measurements of the ozone anomaly
over Lerwick on 15 August 2007
In this section, with the help of ozonesonde measurements,
we characterize a positive anomaly of ozone in the UTLS
region which occurred over the British Isles on 15 Au-
gust 2007. At 12:00UTC, an ozonesonde was launched
from Lerwick (60.14◦ N, 1.19◦ W) as a part of the VINTER-
SOL (Validation of INTERnational Satellites and study of
Ozone Loss) European field campaign. Figure 1a shows the
volume mixing ratio profile of ozone over Lerwick (thick
line) recorded on 15 August 2007. It also depicts a mean
profile (thin line), which corresponds to the average of all
August ozone profiles measured between 2004 and 2007.
Fig. 1. (a) Thick line: Ozone volume mixing ratio profile
in parts per billion by volume (ppbv) as obtained over Ler-
wick, UK (60.14◦ N, 1.19◦ W) in the British Isles on 15 Au-
gust 2007 at 12:00UTC from ozonesonde; (b) same as (a) but for
relative humidity in %; (c) same as (a) but for temperature in Cel-
sius degrees (◦C). In (a–c), thin lines correspond to the average of
all August profiles from 2004 to 2007. The shaded surface repre-
sents ±σ with respect to the mean profile.
The shaded area represents the standard deviation (±σ ) with
respect to the mean of all August profiles (2004–2007).
The measured ozone profile on 15 August 2007 over Ler-
wick shows a positive ozone anomaly of the same order
as the standard deviation in comparison to the mean pro-
file especially between ∼280 and 120 hPa. Moreover, si-
multaneous ozonesonde measurements show very low rela-
tive humidity values (RH<5%) from the stratosphere down
to about 280 hPa compared to the mean August profile as
illustrated in Fig. 1b. Similarly, Figure 1c shows the tem-
perature profile over the same location on 15 August 2007.
The tropopause height on 15 August 2007, as indicated by
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reversal in temperature gradient, is low compared to the
average of all August profiles. Its downward displacement
is estimated to be about 2 km. Finally, Fig. 1 shows just be-
low 400 hPa a layer, which is ozone-rich, 1 km thick, very
dry, and associated with a break in the vertical temperature
lapse rate at approximately 6 km, which corresponds to the
isentropic level of about 315K. All the characteristics of this
layer suggest the existence of a tropopause fold below the
anomalously low-altitude tropopause. This is a clear signa-
ture of a strong baroclinic development event which is very
likely associated with a STE event. In the next sections, we
will document this event using meteorological analyses from
the ARPEGE model as well as assimilated fields of O3 and
CO from the MLS and MOPITT instruments, respectively.
3.2 Meteorological conditions during the stratospheric
intrusion event
The purpose of this section is to document the stratospheric
intrusion which took place on 15 August 2007 over the north-
ern British Isles with the help of the meteorological pa-
rameters. We give a dynamical context concerning the O3
anomaly observed in the ozonesonde measurements and pre-
sented in Sect. 3.1. According to Hoskins et al. (1985), an
upper-level cyclonic PV anomaly is associated with a de-
crease of the tropopause height. Therefore, the signature
of stratospheric air descending to lower altitude levels can
be seen in the potential vorticity field plotted on isentropic
surfaces. Figure 2 top shows a PV isentropic map at 315K
on 15 August 2007 at 12:00UTC from the ARPEGE analy-
ses. It shows high values of PV over northern Great Britain
which corresponds to an anomaly of the cyclonic PV at
the tropopause (=1.5 pvu) where the PV maximum is lo-
cated near the northern British Isles. Also note on Fig. 2
top the strip of 1.5 potential vorticity units (pvu) stretch-
ing from western Spain to southern England which will be
further below associated with the upper level dynamics of
a tropopause fold. Figure 2 bottom shows a zonal verti-
cal cross-section (longitude versus pressure) across the re-
gion of lowest altitude tropopause described by the Lerwick
ozonesonde measurements. As expected, the tropopause de-
creases with height particularly between the longitude range
0–10◦ W due to the strong cyclonic PV anomaly occurring
above. In this region of the lowest altitude tropopause along
the upper level trough (as low as about 430 hPa), rapid mix-
ing by turbulence and convection may lead to irreversible
STE events (Gouget et al., 2000).
ARPEGE analyses are used in order to describe the syn-
optic conditions during the stratospheric intrusion event.
Figure 3 shows analyses of geopotential height (Fig. 3a),
and potential temperature (Fig. 3b) on the potential vortic-
ity iso-surface 1.5 pvu. In addition, the horizontal wind
(both velocity and direction) and the relative humidity at
250 hPa pressure level are presented in Fig. 3c and d, re-
spectively. The meteorological conditions show a typical
Fig. 2. (Top) Longitude-latitude cross-section of the Potential Vor-
ticity (PV) field in PV units (pvu) on the 315K isentropic level.
Contours of PV are shown for values greater than 1.5 pvu. (Bot-
tom) zonal cross-section of PV in longitude versus pressure at
61◦ N between 40◦ W and 40◦ E in longitude, and between 600 and
100 hPa in the vertical. Contours of PV are shown in black lines
with an interval of 1.5 pvu. The white bold solid line corresponds to
1.5 pvu contour and indicates the height of the tropopause accord-
ing to Hoskins et al. (1985). Note that the PV field for both figures
is from the ARPEGE analyses corresponding to 15 August 2007 at
12:00UTC.
baroclinic wave developing over western Europe with an in-
tense trough extending from northeast of Iceland to north-
west of Spain (Fig. 3a) and with jet-streaks on both sides
of the upper-level trough (Fig. 3d). This trough isolates
many tongues characterized by low values of geopoten-
tial height and potential temperature (see Fig. 3a and b).
Above Lerwick, the region of the ozonesonde measurements
(see Fig. 1), the dynamical tropopause (1.5 pvu iso-surface)
descends to as low as 6.5 km altitude (Fig. 3a). This is
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Fig. 3. Synoptic situation on 15 August 2007 at 12:00UTC from the ARPEGE analyses. (a) Geopotential height in decameters (dam)
(contour interval is 50 dam) on the potential vorticity (PV) iso-surface 1.5 PV units (pvu). (b) Potential temperature in Kelvin (K) on the
same iso-surface as (a). Note that the 1.5 pvu iso-surface is an estimate of the dynamical tropopause according to Hoskins et al. (1985). (c)
Horizontal wind direction (grey arrow) and velocity in m/s (coloured surface) at 250 hPa pressure level. Areas of velocities greater than
50m/s are delimited by a bold solid line showing an upper-level jet streak. (d) Relative humidity in % at 250 hPa pressure level. Note that
in (a–d), blue and red colours represent relatively low and relatively high values, respectively.
the level where physical processes may lead to irreversible
STE event. In addition, there is also a tropopause break
from 10 km altitude down to 6.5 km altitude (Fig. 3a) stretch-
ing a line along the cyclonic-shear side of the eastern jet
streak (Fig. 3b) from northwest of Spain to East of Den-
mark. The tropopause break and the parallel PV band stretch-
ing on 315K (Fig. 2) are dynamical signatures of on-going
upper-level frontogenesis and tropopause folding (Keyser
and Shapiro, 1986). This kind of fold is generally a conse-
quence of an ageostrophic circulation near a jet streak, where
the air from the lower stratosphere is intruded into the tropo-
sphere. In our case, we notice horizontal winds in excess
of 50m/s, showing an upper-level jet streak with southwest
winds from the north of Spain to the west of Denmark at the
250 hPa pressure level. As a consequence of this circulation,
the stratospheric air enters the troposphere beneath the core
of the jet and on its cyclonic (poleward) side. Characteristic
signatures of the intruded air are high PV, low RH, high O3
and low CO concentrations. Irreversible stratospheric intru-
sions may occur along the 315K isentropic surface, as sug-
gested by the ozone layer captured below the low tropopause
on the ozonesonde measurements at Lerwick (see Fig. 1). In
the following sections, we seek signatures of the upper level
dynamics on the distribution of O3 and CO by using mod-
elled outputs, both in the free model run and with the assim-
ilation of satellite observations.
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4 Evaluation of O3 and CO assimilated fields
Throughout all this study, the model is forced by winds, tem-
peratures, humidity and surface pressure from the ARPEGE
analyses. The comprehensive chemical scheme RAC-
MOBUS used for the assimilation of O3 and CO mea-
surements includes both the tropospheric RACM (Stock-
well et al., 1997) and the stratospheric REPROBUS schemes
(Lefe`vre et al., 1994) since we are interested in the exchange
between the troposphere and the stratosphere.
The assimilation experiments for O3 and CO started on
20 July 2007 and were entirely separate. The initializa-
tion field for this date has been obtained by a free model
run (MOCAGE with the detailed RACMOBUS chemistry
scheme) started from the April climatological initial field.
Thus, for each species (O3 and CO), we have a free model
run spin-up of more than 3 months in addition to 25 days of
data assimilation concerning each species before the date of
the stratospheric intrusion event. We estimate this spin-up
period to be sufficient enough to have both O3 and CO fields
well balanced with respect to the atmospheric chemistry and
dynamics.
In this section, we evaluate the quality of MLS O3 and
MOPITT CO assimilated fields into the MOCAGE-PALM
assimilation system. This evaluation is required to test sev-
eral assumptions introduced into data assimilation and to
check the consistency of the analyses to the observations.
Several diagnostics, which consist of self-consistency
tests, have been developed to check the quality of the as-
similation runs (Talagrand, 2003). The chi-square (χ2) test
enables assessment of the estimation of the observation and
background error covariance matrices (e.g. Khattatov et al.,
2000) as well as other parameters such as the model error
growth (e.g. El Amraoui et al., 2004).
If the observation and background errors are Gaussian,
which is the case in this study (see OMF diagnostics in
Figs. 4a and 8a as well as their corresponding comments),
the cost function at its minimum (Jmin) should have a χ2
distribution with p degrees of freedom, and must be equal
on average to p/2 (Bennett, 1992; Talagrand, 2003; Lahoz
et al., 2007b). The χ2 formula is then given by:
χ2 = Jmin
p/2
The cost function J is given by:
J (x)= 1
2
[
x(t0)−xb(t0)
]T
B−1
[
x(t0)−xb(t0)
]
+1
2
p∑
i=1
[y(ti)−H(x(ti))]T R−1i [y(ti)−H(x(ti))]
The first term on the right-hand side is the misfit to the back-
ground state and the second term represents the misfit to the
observations. xb(t0) and y(ti) are the background state at the
initial time and the observation at the time ti , respectively. B
Fig. 4. (a) Histograms of observations minus forecasts (OMF) dif-
ferences normalized by the observation error concerning assimi-
lated MLS O3. The red line is a Gaussian fit to the histogram. The
good agreement between the histogram and the fit function supports
the assumption of Gaussian errors in the observations and the fore-
cast. (b) Vertical profile of the mean of OMF (blue) and OMA (red)
both averaged over the assimilation period and over the globe for
all MLS levels between 215 and 10 hPa. (c) The corresponding ver-
tical profile of the standard deviations of OMF and OMA. Units in
(b) and (c) are parts per million by volume (ppmv).
and R are the background and the observation error covari-
ance matrices, respectively. H is the observation operator,
generally non-linear, which maps the model state x to the
measurement space, where y is located.
A value of χ2 close to 1 indicates a good estimation of
both error-covariance matrices, whereas a value of χ2 lower
(greater) than 1 implies an overestimation (underestimation)
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of the observation and/or background error covariance matri-
ces. Another consistent self-diagnostic is based on observa-
tion minus analysis (OMA) residuals and observation minus
forecast (OMF) innovations. This diagnostic, defined in the
observation space, checks the consistency of both forecast
and analysis distributions with respect to the observations
(Lahoz et al., 2007b).
4.1 Validation of O3 assimilated fields
The assimilation period in this study is between 20 July
and 19 August 2007 during which the value of χ2 for the
O3/MLS assimilation experiment varied between 0.81 and
1.22 with a mean value of 0.96. This result is satisfactory
since it shows that both the observations and the background
error covariance matrices were well estimated during the as-
similation process.
Figure 4a shows the OMF distribution normalized by the
observation errors for all MLS levels between 215 and 10 hPa
corresponding to the assimilation period. The OMF his-
togram is fitted by a Gaussian function. The comparison be-
tween both the OMF histogram and the fitted Gaussian func-
tion is very good. This good agreement supports the assump-
tion that the observations and the forecast have Gaussian er-
rors. We note that the mean of normalized OMF values is
close to zero (∼−1) with a standard deviation of 13.2, which
suggests that the bias between the model and the observa-
tions is very small. Indeed, if the mean of the OMF statistics
is significantly different from zero, this indicates a bias in
the model or the observations. Figure 4b shows the vertical
profile of the mean of the OMF and OMA distributions as a
function of the vertical pressure both averaged over the as-
similation period and over all the globe. Figure 4c displays
their corresponding standard deviations. The mean of OMA
is closer to zero than that of OMF with a corresponding stan-
dard deviation which is small than that of OMF at all pressure
levels. This indicates that the analyses are closer to the ob-
servations than the forecast. Consequently the assimilation
of MLS profiles corrects the background state at all observa-
tion levels.
To further test the behaviour of the data assimilation sys-
tem, assimilated fields of MLS O3 observations have been
compared to MOZAIC measurements. The MOZAIC pro-
gramme was launched in January 1993. The measurements
started in August 1994, with the installation of ozone and
water vapour sensors aboard 5 commercial aircraft. In
2001, the instrumentation was upgraded by installing car-
bon monoxide sensors on all aircraft and a total odd nitro-
gen instrument (NOy) aboard one aircraft. Ozone is mea-
sured by UV absorption (Thermo Instruments, Model 49–
103). The instruments are calibrated before and after each
period of deployment (∼every 12 months) and in-flight qual-
ity control is achieved, both for bias and calibration fac-
tor, with a built-in ozone generator. A comparison of the
first 2 years of MOZAIC data with data of the ozonesonde
network showed good agreement (Thouret et al., 1998). For
the measurement of CO, the infra-red (IR) gas filter correla-
tion technique is employed (Thermo Environmental Instru-
ments, Model 48CTL). This IR instrument provides excel-
lent stability, which is important for continuous operation
without frequent maintenance. The sensitivity of the instru-
ment was improved by several modifications (Ne´de´lec et al.,
2003), achieving a precision of ±5 ppbv or ±5% for a 30 s
response time. A complete description of the MOZAIC pro-
gramme may be found at http://mozaic.aero.obs-mip.fr/web/
and in the IGAC Newsletters (Cammas and Volz-Thomas,
2007).
The comparison of MLS O3 assimilated field as well as
model outputs to MOZAIC observations is made in terms of
time-series over the assimilation period (20 July–19 August).
Collocated MOZAIC observations as well as assimilated and
modelled O3 output are averaged over a constant time bin
whatever the number of aircraft and the position of MOZAIC
measurements. Each average is then plotted as a function of
the day time. Assimilated fields are plotted with respect to
their standard deviations. Note that only observations above
the altitude pressure of 280 hPa are considered since we are
interested in the tropopause layer (the cruise flight altitude
pressure of MOZAIC aircrafts is around 200 hPa). Figure 5
shows the time-series of O3 assimilated field with its stan-
dard deviation (shaded colour) as well as the free model run
compared to MOZAIC data for a one month period. The be-
haviour of all datasets is consistent throughout the period of
comparison. Nevertheless, assimilated fields are closer than
the free model output to MOZAIC measurements. The bias,
RMS and correlation coefficient between aircraft and assim-
ilated O3 are −11.5 ppbv, 22.4 ppbv and 0.93, respectively,
whereas between aircraft and modelled O3 they are 33 ppbv,
38.5 ppbv and 0.83, respectively. These results suggest that
MOZAIC in-situ measurements and O3 assimilated field are
in good agreement in the UTLS region.
As an additional validation, the deduced total column from
O3/MLS assimilated field is compared to the total column
measured by the OMI (Ozone Monitoring Instrument) sensor
onboard Aura satellite (Levelt et al., 2006). OMI is a nadir-
scanning instrument that detects backscattered solar radiance
at visible (350–500 nm) and UV wavelength channels (270–
314 nm and 306–380 nm) to measure O3 column with near
global coverage over the Earth with a spatial resolution of
13 km×24 km at nadir (except for polar night latitudes).
Figure 6 shows a comparison between O3 total columns
deduced from OMI, MOCAGE free run, and MLS assimi-
lated field corresponding to 15 August 2007. MOCAGE un-
derestimates the amount of O3 total column, whereas total
columns from OMI and MLS assimilated field are nearly
the same particularly over the British Isles. The aver-
age bias between OMI and free model run is positive with
a value of 17.64DobsonUnit (DU) and a corresponding RMS
of 12.82DU, whereas the average bias between OMI and
assimilated field is negative with a value of −13.21DU and
Atmos. Chem. Phys., 10, 2175–2194, 2010 www.atmos-chem-phys.net/10/2175/2010/
L. El Amraoui et al.: Midlatitude stratosphere – troposphere exchange 2183
Fig. 5. Time-series of collocated MLS O3 assimilated field (black) with its standard deviation (shaded colour) compared to MOZAIC
measurements (red) and model free run output (blue) for the period: 20 July–19 August 2007. Only observations above the altitude pressure
of 280 hPa are used for the comparison, since we are interested in the tropopause layer (the cruise flight altitude pressure of MOZAIC aircraft
is around 200 hPa). Units: parts per billion by volume (ppbv).
a corresponding RMS of 12.10DU. The correlation coeffi-
cient is 0.66 and 0.82 between OMI and free model run and
between OMI and assimilated MLS, respectively.
The validation exercise with MOZAIC and OMI datasets
confirms that the assimilation of O3 from the MLS instru-
ment improves the O3 distribution, particularly in the UTLS
region. This O3 product will be used later in order to charac-
terize the depth of the stratospheric intrusion in comparison
to the PV field.
In order to assess the improvement of the ozone distribu-
tion in the UTLS region via the assimilation process, ozone
profiles from both the free model run and the MLS as-
similated field are compared with ozonesonde observations
over Lerwick. The results of that comparison is given in
Fig. 7. This figure clearly shows that the model under-
estimates the O3 concentrations particularly between 300
and 150 hPa. The assimilation of MLS O3 profiles cor-
rects well this underestimation since the agreement between
ozonesonde measurements and MLS assimilated profile is
very good. TheMLS analysis profile captures well the strato-
spheric intrusion event in the pressure levels between 180
and 270 hPa. However, between 400 and 430 hPa where
ozonesonde observations (see also Fig. 1) depict a tropopause
fold event, neither the model free run nor the O3 MLS assim-
ilation succeeds in capturing this STE event.
In the next section, we will check the capability of CO
assimilated field to represent the characteristics of the strato-
spheric intrusion event.
4.2 Validation of CO assimilated fields
Concerning the assimilation of MOPITT CO, the value of
χ2 varied between 0.4 and 0.6. This shows that the observa-
tion and/or background error covariance matrices are some-
what overestimated in our assimilation experiment. To try
to converge towards a value as close as possible to 1, we
conducted several tests with different values of the back-
ground error which show that the variation of this parame-
ter has little effect on the value of χ2. Thus, the low value
of χ2 is most likely due to the overestimation of the er-
ror covariance matrices of MOPITT observations. Despite
this fact, we prefer working with the actual error covari-
ance matrices of the retrieved MOPITT CO since (i) they are
a consistent characteristic of MOPITT that takes into account
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Fig. 6. Map of O3 total column for 15 August 2007 as deduced from: (a) the OMI instrument, (b) MOCAGE free model run and (c) as-
similated MLS O3. (d) and (e) difference between OMI and MOCAGE and between OMI and assimilated MLS O3 data, respectively. All
datasets are binned into 2◦×2◦. Blue and red colours in (d) and (e) indicate negative and positive differences, respectively. Units in all plots:
DobsonUnit(DU).
many considerations: instrument characteristics, retrieval al-
gorithm and validation, and (ii) the MOPITT assimilated
field gives satisfactory results in comparison to independent
data (see Figs. 9 and 10 and their associated comments). Fig-
ure 8 is similar to Fig. 4 but for MOPITT CO assimilated
field. Figure 8a presents the OMF distribution normalized
with the observation error for all MOPITT levels between the
ground and 150 hPa corresponding to the assimilation period
between 20 July and 19 August 2007. Similar conclusions
as for MLS O3 assimilated fields can be deduced. The fit-
ted Gaussian function agrees well with the normalized OMF
distribution. This supports the assumption of normally dis-
tributed observation and background errors. The mean of
the normalized OMF values is close to zero (0.09) with a
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Fig. 7. Ozone volumemixing ratio profile in parts per billion by vol-
ume (ppbv) as obtained over Lerwick, UK (60.14◦ N, 1.19◦ W) in
the British Isles on 15 August 2007 at 12:00UTC from: ozonesonde
measurements (black); free model run (blue) and assimilated MLS
O3 (red).
standard deviation of 9.8 suggesting that the bias between
the model and the observations is very small. From Fig. 8b
and Fig. 8c we can deduce that the mean of OMA vertical
profile is closer to zero than that of OMF with a correspond-
ing standard deviation which is small than that of OMF at all
MOPITT pressure levels. This demonstrates again that the
analyses are closer to the observations than the forecast.
All these results concerning the OMF and the OMA statis-
tics for both O3/MLS and CO/MOPITT illustrate the capa-
bility of data assimilation to reduce the bias between the ob-
servations and the model, and therefore adds value.
To validate the CO assimilated fields, we compare them
to in-situ MOZAIC measurements in terms of time-series
and vertical profiles. For time-series comparison, the same
methodology is applied as for O3 comparison (see Sect. 4.1).
Figure 9 shows the time-series of MOPITT CO assimilated
field with its standard deviation (shaded colour) as well as
modelled CO free run compared to MOZAIC data over the
same period as for O3. Again, only observations above the
altitude pressure of 280 hPa are considered. We note from
Fig. 9 that the assimilation of MOPITT improves the CO
model distribution in the UTLS. The behaviour of assimi-
lated CO and MOZAIC is the same over the whole period
of comparison and MOZAIC measurements remain gener-
ally inside the standard deviation of CO assimilated field.
The maxima and the minima of CO are well localized in
both datasets. The bias, RMS and correlation coefficient be-
tween aircraft and assimilated CO are −3.16 ppbv, 13 ppbv
and 0.79, respectively, whereas between aircraft and mod-
elled CO they are 6.3 ppbv, 16.6 ppbv and 0.71, respectively.
This suggests that MOZAIC in-situ measurements and as-
similated CO are in good agreement in the UTLS region.
Fig. 8. (a) Histograms of observations minus forecasts (OMF) dif-
ferences normalized by the observation error concerning assimi-
lated MOPITT CO. The red line is a Gaussian fit to the histogram.
The good agreement between the histogram and the fit function sup-
ports the assumption of Gaussian errors in the observations and the
forecast. (b) Vertical profile of the mean of OMF (blue) and OMA
(red) both averaged over the assimilation period and over the globe
for all MOPITT levels between the ground and 150 hPa. (c) The cor-
responding vertical profile of the standard deviations of OMF and
OMA. Units in (b) and (c) are parts per billion by volume (ppbv).
Another comparison was conducted with collocated verti-
cal profiles for the three datasets over the only two MOZAIC
airports visited over the whole assimilation period, Frankfurt,
Germany (52.35◦ N, 14.55◦ E) and London, UK (51.3◦ N,
0.10◦ W). Note that collocated observations are selected in
2◦ radius area over both airports. The comparisons between
MOZAIC, modelled free run and CO assimilated profiles
over the two airports are shown in Fig. 10. Both comparisons
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Fig. 9. Time-series of collocated MOPITT CO assimilated field (black) with its standard deviation (shaded colour) compared to MOZAIC
measurements (red) and model free run output (blue) for the period: 20 July–19 August 2007. Only observations above the altitude pressure
of 280 hPa are used for the comparison, since we are interested in the tropopause layer. Units: parts per billion by volume (ppbv).
show a very good agreement between MOZAIC and CO as-
similated profiles. Over Frankfurt, the bias, RMS and corre-
lation coefficient between MOZAIC and assimilated CO are
3.3 ppbv, 7.6 ppbv and 0.95, respectively whereas between
MOZAIC and modelled CO they are 10.4 ppbv, 8.1 ppbv and
0.89, respectively. Over London, the bias, RMS and corre-
lation coefficient between MOZAIC and assimilated CO are
4.5 ppbv, 8.5 ppbv and 0.63, respectively whereas between
MOZAIC and modelled CO they are 12.4 ppbv, 11.7 ppbv
and 0.55, respectively. The difference betweenMOZAIC and
assimilated profiles, for both locations, are very small at all
altitudes and the vertical variability is almost similar for both
datasets in the UTLS region.
After validating the assimilated CO product using
MOZAIC in-situ data, we compared the total column de-
duced from assimilated CO to that retrieved from the
Aqua/AIRS (Atmospheric Infrared Sounder) instrument.
AIRS instrument onboard Aqua was launched in 2002 with
its primary goal of determining the vertical profiles of tem-
perature and water vapour in the Earth’s atmosphere (Au-
mann et al., 2003). CO retrievals are obtained from the
2160–2200 cm−1 portion of the spectrum on the edge of
the 1–0 vibration-rotation band of CO, and the AIRS re-
trieval method was described by Susskind et al. (2003) and
McMillan et al. (2005). AIRS CO measurements are pro-
vided at approximately 45 km×45 km horizontal resolution
and 1600 km swath, and therefore, combined with its cloud
clearing capability, AIRS can obtain near daily global cov-
erage. AIRS tropospheric CO profiles as well as the mixing
ratios at 500 hPa have been compared with those of MOPITT
(Warner et al., 2007). An average CO bias of 10–15 ppbv be-
tween AIRS and MOPITT observations is identified and the
biases are mainly due to the prior information used in the
retrieval algorithms.
Figure 11 presents the comparison between the results of
MOCAGE free model run, the assimilation of MOPITT CO
in MOCAGE-PALM and AIRS CO total column indepen-
dent data. All datasets correspond to the average of 15 and
16 August 2007 data binned in 2◦×2◦ boxes. The differences
between assimilated and free model run are relatively large
particularly in the western and the northern British Isles.
Note that assimilated MOPITT and model free run are com-
pared to AIRS CO data in order to have an idea about the
quality of the assimilated field with respect to the free model
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Fig. 10. (a) The mean CO vertical profiles in parts per billion
by volume (ppbv) of MOPITT assimilated field (red), MOZAIC
(black) and model free run (blue) over Frankfurt. All profiles are
averaged over the assimilation period (20 July–19 August 2007) and
within a geographical box of 2◦×2◦ centred over the specified lo-
cation. (b) the corresponding standard deviations. (c) and (d) are
the same as (a) and (b), respectively, but for London.
run. The correlation coefficients between AIRS and mod-
elled CO and between AIRS and assimilated MOPITT CO
(without applying the AIRS averaging kernels) are 0.51 and
0.75, respectively. This shows that assimilated MOPITT CO
is better than the free model run compared to the AIRS in-
dependent data. This figure shows the positive impact of
MOPITT CO assimilation with an obvious improvement in
terms of CO distribution. Total columns from AIRS and as-
similated field almost show the same behaviour: a maximum
of CO on the west side of the British Isles, and a minimum
of CO over the British Isles and northward. These features
are not present in the MOCAGE free model run. The good
agreement between the assimilated CO MOPITT field and
the AIRS data provides confidence in the MOCAGE-PALM
results.
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Fig. 11. Average CO total column field over 15 and 16 August 2007
as deduced from (a) the model free run, (b) AIRS instrument, and
(c) assimilated MOPITT CO data. All datasets are binned into
2◦×2◦. The grey areas in (b) correspond to a lack of data in AIRS
measurements. Note that no averaging kernel from AIRS is applied
for neither MOCAGE nor assimilated product in this comparison.
The correlation coefficient between AIRS and MOCAGE and be-
tween AIRS and assimilated MOPITT CO data are 0.51 and 0.75,
respectively. Units in all plots: 1021 molec/m2.
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Fig. 12. (a) Longitude-latitude cross-section at the 315K isentropic level of O3 from MOCAGE. (b) Zonal cross-section of O3 from
MOCAGE in longitude versus pressure at 61◦ N between 40◦ W and 40◦ E in longitude, and between 600 and 100 hPa in the vertical.
Contours of O3 field are shown in thin black lines. The thick white line corresponds to 1.5 potential vorticity units contour: an estimate of
the dynamical tropopause height. The magenta dashed lines correspond to the potential temperature contours between 310 and 330K with
an interval of 5K from bottom to top. Both figures are for 15 August 2007 at 12:00UTC. (c) and (d) are the same as (a) and (b), respectively,
but for the MLS O3 assimilated field. Units of O3: parts per billion by volume (ppbv).
These validation tasks confirm that the MOPITT CO as-
similated fields within MOCAGE-PALM is well suited for
the study in relation with the stratospheric intrusion event.
5 Characterization of the stratospheric intrusion event
with O3 and CO assimilated fields
In this section, we focus on the comparison of the STE event
representation as diagnosed in Sect. 3, with MOCAGE runs
with and without assimilation of satellite data.
5.1 Signature of the stratospheric intrusion in O3
assimilated fields
To look for the ozone signature indicating stratospheric in-
trusions, we analyse modelled and assimilated O3 fields on
isentropic maps and in vertical cross-sections (Fig. 12). The
isentropic distribution of modelled O3 over the domain of
interest (Fig. 12a) is quite homogeneous. However, the up-
per level dynamics is associated with very weak maxima
over the two regions of interest. Firstly, over northern UK
where the positive anomaly of ozone in the lowermost strato-
sphere and the tropopause fold were observed (see Fig. 1),
and secondly over northwestern Spain where a PV strip on
the 315K surface suggested the existence of a tropopause
fold. The vertical cross-section north of UK (Fig. 12b) con-
firms a strong underestimation of modelled O3 well above
the dynamical tropopause (1.5 pvu isoline). This is due to
the fact that there is no evidence of an ozone maximum
in the 300–200 hPa layer between 10◦ W and 0◦ W, where
the ozonesonde measurements (Fig. 1) indicated a positive
ozone anomaly. Further, at 400 hPa, where a tropopause
fold is suggested on the ozone sounding (Fig. 1), there is
less signature of a stratospheric intrusion in the modelled O3
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Fig. 13. Same as Fig. 12 but for MOCAGE CO and for MOPITT CO assimilated field in parts per billion
by volume (ppbv). The thick black line corresponds to 1.5 potential vorticity units contour: an estimate of
the dynamical tropopause height. The green circles in (b) and (d) correspond to an estimation of the thermal
tropopause height in pressure (hPa) as deduced from lapse rates of ARPEGE temperature profiles. The thermal
tropopause has almost the same behaviour as the dynamical tropopause, nevertheless it is higher (see the text
for more details).
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the thick black line corresponds to 1.5 potential vorticity units contour: an estimate of the dynamical tropopause height. The green circles
correspond to an estimation of the thermal tropopause height in pressure (hPa) as deduced from lapse rates of ARPEGE temperature profiles.
The thermal tropopause has almost the same behaviour as the dynamical tropopause, nevertheless it is higher (see the text for more details).
field at ∼400 hPa (Fig. 7). A large improv ment is mad
by the O3 assimilated field for which values are 50% to
100% greater than modelled O3 ones in regions of interest
(Fig. 12c). The O3 assimilated field displays in the 300–
200 hPa layer, a maximum with ozone values in excess of
500 ppbv (Fig. 12d), which better fits with the positive ozone
anomaly observation (see Fig. 7). On the 315 K isentropic
surface where the stratospheric intrusion dives below 400 hPa
between 10◦ W and 0◦ W, O3 assimilated field is marginally
increased (Fig. 12c, d). This improvement is insufficient
to quantitatively reproduce the stratospheric intrusion event.
This can be explained by the fact that O3 retrievals from the
MLS sensor are only available above the 215 hPa pressure
level and that the information acquired by assimilation has
not propagated through atmospheric transport further below
the 400 hPa layer in such a very deep stratospheric intrusion.
In the next section, we will further describe the STE event
representation with the assimilation of CO from MOPITT.
5.2 Signature of the stratosp er c in rusion in CO
assimilated fields
The 315 K CO distribution from the free run of MOCAGE
(Fig. 13a) does not show the expected minima of CO trac-
ing stratospheric intrusions. In the vertical cross-section
(Fig. 13b), the lowermost stratosphere between 10◦ W and
0◦ W is associated with free run modelled CO values of about
80 ppbv, which are too big to suggest a stratospheric origin.
MOPITT CO observations, which are generally sparse and
have a low vertical resolution (∼3–4 km) in the UTLS re-
gion, lack in principle the spatial and temporal resolutions
required to capture stratospheric intrusion events, for which
the synoptic variability is quite important. However, the as-
similation of MOPITT observations and the transport greatly
improve the distribution of CO in the UTLS region as demon-
strated by the ability of the run with assimilation to cap-
ture signatures of stratospheric intrusions. The CO assimi-
lated field distribution at 315 K (Fig. 13c) obviously exhibits
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an intense minimum of CO (<60 ppbv) north of UK where
the ozonesonde measurements (see Fig. 1) indicate a very
low tropopause overhanging a tropopause fold, in agreement
with the potential vorticity maximum on the 315 K surface
(Fig. 2 top). In the vertical cross section (Fig. 13d), the
distribution of the assimilated CO field has been improved
in the tropopause region, which is bounded by the dynami-
cal tropopause (1.5 pvu isoline) and the thermal tropopause
deduced from lapse rates of ARPEGE temperature profiles.
A minimum of assimilated CO nicely fits within the strato-
spheric intrusion down to 400 hPa between 10◦ W and 0◦ W.
At longitudes of upper level ridges with a higher tropopause
(35◦ W, 10◦ E, and 35◦ E), the CO assimilated field displays
high values compared to the free model run field (Fig. 13b,
d) up to the thermal tropopause. The thermal tropopause has
almost the same behaviour as the dynamical tropopause, nev-
ertheless it is higher. This is in accordance with the find-
ing of Kim et al. (2001). The thermal tropopause is strongly
influenced by uplift vertical motion, whereas the dynamical
tropopause is more influenced by downward motion. This
explains the large CO concentration observed above the dy-
namical tropopause. This could be the consequence of the
uplift vertical air motion which modify the height of the ther-
mal tropopause, whereas the dynamical tropopause changes
through diabatic heating such as radiative heating as reported
by Kim et al. (2001). Indeed, the stratospheric intrusion
event located between 10◦ W and 0◦ W is better represented
by the dynamical tropopause. Discussions about the differ-
ence between the thermal and the dynamical tropopauses are
beyond the scope of this paper. For more explanations, the
reader is referred to e.g. Kim et al. (2001); Wirth (2001) and
references therein. A possible perspective of this study is
a further investigation of processes contributing to the obser-
vation of a mixing layer at the tropopause.
Finally, a relative minimum of CO assimilated field
stretching out from over western Spain to Brittany (northwest
of France) (Fig. 13c) also fits well with the potential vorticity
strip (Fig. 2 top). This has been described in Sect. 3 as the
dynamical signature of a tropopause fold developing beneath
the jet streak over western Europe (Fig. 3c). Signatures of
this tropopause fold in the run with assimilation are further
described. As suggested by the 1.5 pvu contour in a vertical
cross-section at 45◦ N (Fig. 14b), the tropopause fold devel-
ops down to 500 hPa. The CO assimilated field, which is
consistent with the upper-level dynamics, with values less
than 70 ppbv, has been transported down to below 300 hPa,
whereas the CO values from the free model run exceed
80 ppbv at the same location (not shown). The O3 assimilated
field (Fig. 14a) shows ozone values greater than 200 ppbv in-
side the tropopause fold down to 350 hPa, whereas modelled
free run of O3 values larger than 200 ppbv stay above 150 hPa
in the run without assimilation (not shown).
Fig. 14. Zonal cross-section in longitude versus pressure at 45◦ N between 40◦ W and 40◦ E in longitude, and
between 600 and 100 hPa in the vertical for (a) MLS O3 assimilated field and (b) MOPITT CO assimilated
field. The thick lines (white in (a) and black in (b)) correspond to 1.5 potential vorticity units contour which is
an estimate of the dynamical tropopause height. Units of O3 and CO: parts per billion by volume (ppbv).
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Fig. 14. Zonal cross-section in longitude versus pressure at
45◦ N between 40◦ W and 40◦ E in longitude, and between 600
and 100 hPa in the vertical for (a) MLS O3 assimilated field and
(b) MOPITT CO assimilated field. The thick lines (white in (a)
and black in (b)) correspond to 1.5 potential vorticity units contour
which is an estimate of the dynamical tropopause height. Units of
O3 and CO: parts per billion by volume (ppbv).
6 Conclusions
In this study, by using the global chemical transport model
of Me´te´o-France MOCAGE, we demonstrate the capability
of assimilated fields of MLS O3 and MOPITT CO obser-
vations to better describe the upper troposphere and lower
stratosphere (UTLS) region and a stratosphere-troposphere
exchange (STE) event in comparison with modelled free run
of O3 and CO fields. The novel result of this study demon-
strates the usefulness of assimilated fields of CO retrieved
from a tropospheric measurement sensor, such as MOPITT,
in a STE event.
The assimilated products for both O3 and CO revealed an
improvement compared to the free model run results. They
have been validated using independent MOZAIC aircraft
measurements in terms of vertical profiles as well as total
columns in comparison with OMI and AIRS instruments for
O3 and CO, respectively.
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In the UTLS region, the O3 bias, RMS and correla-
tion coefficient between aircraft and assimilated field are
−11.5 ppbv, 22.4 ppbv and 0.93, respectively, whereas be-
tween aircraft and the free model run they are 33 ppbv,
38.5 ppbv and 0.83, respectively. For CO, the bias, RMS
and correlation coefficient between aircraft and assimilated
field are−3.16 ppbv, 13 ppbv and 0.79, respectively, whereas
between aircraft and the free model run they are 6.3 ppbv,
16.6 ppbv and 0.71, respectively.
In terms of CO vertical profile, the comparison was con-
ducted over the only two MOZAIC airports visited over the
whole assimilation period, Frankfurt-Germany and London-
UK. Over Frankfurt, the bias, RMS and correlation coeffi-
cient between MOZAIC and assimilated CO are 3.3 ppbv,
7.6 ppbv and 0.95, respectively whereas between MOZAIC
and modelled CO they are 10.4 ppbv, 8.1 ppbv and 0.89, re-
spectively. Over London, the bias, RMS and correlation co-
efficient between MOZAIC and assimilated CO are 4.5 ppbv,
8.5 ppbv and 0.63, respectively whereas between MOZAIC
and modelled CO they are 12.4 ppbv, 11.7 ppbv and 0.55, re-
spectively.
In terms of total columns, the comparison between CO as-
similated field and AIRS data revealed very good qualitative
agreement. Indeed, the correlation coefficient is 0.75 and
0.51 between AIRS and assimilated field and between AIRS
and modelled field, respectively. For O3, the average bias be-
tween total columns from OMI and assimilated field is neg-
ative with a value of −13.21 DobsonUnit (DU) and a corre-
sponding RMS of 12.10 DU, and a correlation coefficient of
0.82, whereas the average bias between total columns from
OMI and modelled field is positive with a value of 17.64 DU
and a corresponding RMS of 12.82 DU, and a correlation co-
efficient of 0.66.
These validation exercises have revealed a generally good
agreement between assimilated fields and different indepen-
dent data either in terms of vertical profiles or total columns.
The studied stratospheric intrusion event occurred on
15 August 2007 over the British Isles and was accompa-
nied by an intense tropopause folding. It was documented
using meteorological analyses from the ARPEGE model,
the global operational weather prediction model of Me´te´o-
France. The signature of this event has been verified using
the vertical distribution of ozonesonde measurements over
Lerwick, UK. Both MLS O3 and MOPITT CO measure-
ments lack the spatial and the temporal resolutions required
to characterize the synoptic variations of the event. More-
over, O3 MLS observations are only valid from 215 hPa up
to the upper stratosphere, which is a strong limitation to re-
produce deep stratospheric intrusions into the troposphere.
Owing to its good dynamical forcing, the free model run pro-
vides rather realistic O3 and CO vertical distributions. How-
ever, modelled O3 and CO do not reproduce the features of
the deep intrusion observed in this study. Assimilated data
from MLS improve the representation of O3 in the UTLS re-
gion, nevertheless this improvement is not sufficient enough
to reproduce the intensity and the depth of the stratospheric
intrusion event well. In contrast, assimilated CO data from
MOPITT succeed in capturing the deep structure of the event
both horizontally and vertically. The behaviour of CO assim-
ilated fields is consistent with the synoptic evolution of the
meteorological parameters in the UTLS region. This is in ac-
cordance with the fact that CO is a good tracer in this region,
where complex dynamical and chemical processes occur.
Finally, it should be noted that the results of this work open
new perspectives for using assimilated MOPITT CO data in
STE studies. At this step, we are able to combine measure-
ments from different sensors including their own uncertain-
ties and vertical resolutions. As a particular perspective, we
will focus on the quantification of the contribution of each
assimilated species (O3 and CO) in the mixing process be-
tween the troposphere and the stratosphere in the UTLS. Data
assimilation of chemical observations from different sensors
will then be needed for a quantitative representation of chem-
ical species as well as their mixing in the UTLS region.
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3D-FGAT three-dimensional - First Guess at Appropriate Time
3D-VAR three-dimensional variational
4D-VAR four-dimensional variational
ACE-FTS Atmospheric Chemistry Experiment - Fourier Transform Spectrometer
ADOMOCA Assimilation de Donne´es pour les Mode`les de Chimie Atmosphe´rique
AIRS Atmospheric Infrared Sounder
ALADIN Aire limite´e et adaptation dynamique
AQ Air Quality
AR Assimilation Run
ARPEGE Action de Recherche Petite Echelle Grande Echelle
CAFE Clean Air for Europe
CFC Chloro Fluoro Carbures
CHARMEX Chemistry-Aerosol MEditerranean Experiment
CLA Couche Limite Atmosphe´rique
COV Compose´ Organique Volatil
CR Control Run
CTM Chemical Transport Model
DOF Degree Of Freedom
ECMWF European Centre for Medium-Range Weather Forecasts
EE-8 Earth Explorer 8
FTS Fourier Transform Spectrometer
GEO-CAPE Geostationary Coastal and Air Pollution Events
GEMS Global and regional Earth-system (Atmosphere) Monitoring using Satellite
and in-situ data
GeoFIS Geostationary Fourier Imaging Spectrometer
GEO-TIR Geostationary Thermal Infrared sounder
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GEO-TIR2 Geostationary Thermal Infrared sounder 2
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GMES Global Monitoring for Environment and Security
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HIRS high resolution infrared sounder
IASI Infrared Atmospheric Sounding Interferometer
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LEFE Les enveloppes fluides et l’environnement
LINCO LINear scheme for carbone monoxide (CO)
LWIR Long-wavelength infrared
MACC Monitoring Atmospheric Composition and Climate
MAGEAQ Monitoring the Atmosphere from Geostationary orbit for European Air Quality
MAPS Measurement of Air Pollution from Space
MIPAS Michelson Interferometer for Passive Atmospheric Sounding
MOBIDIC MOde`le BIDImensionnel de Chimie
MOCAGE MOde`le de Chimie Atmosphe´rique a` Grande Echelle
MOPan MOPITT analyses
MOPITT Measurements Of Pollution In The Troposphere
MLS Microwave Limb Sounder
MTG-FCI Meteosat Third Generation - Flexible Combined Imager
MTG-IRS Meteosat Third Generation - Infrared Sounder
MWIR Mid-wavelength infrared
NCAR National Center for Atmospheric Research
NH Northern Hemisphere
NOx Oxydes d’azote (NO + NO2)
NR Nature Run
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RACM Regional Atmospheric Chemistry Mechanism
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